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EXECUTIVE SUMMARY

This report summarizes the objectives, approach and salient results of the ONR program on

spray casting, at Drexel University over the last five years. It also includes three papers in
Attachment 'C' to augment the contents of previous annual reports* by providing specific

details of the research.

* Introducrtioin

- ... Spray casting via the Ospreyrm process is emerging as a promising technology to produce
near-net-shaped components of advanced materials. The process involves the sequential
stages of gas atomization and droplet consolidation on a substrate to produce a disk, billet,
tube and/or strip. The major advantage of spray casting is the ability to produce uniform,
fine grained materials at deposition rates in the range 0.25-2.5 kg/s in a single operation

from the melt. Composite materials can be manufactured by injecting second phase
particles into the spray of droplets, or by in-situ reactions between the droplets and the gas

during flight.

The objectives of the research program were two fold:

Process Fundamentals : 'To develop a scientific understanding of the physical and

thermal phenomena that are active during spray casting and which govern the shape and
microstructural integrity of the preforms. - Knowledge of the effect of key process
parameters and the mathematical model which evolved from this analysis are generic to
various shapes and sizes of components, and applicable to a variety of alloy systems. It is

envisaged that this knowledge base, in conjunction with appropriate sensor and control
schemes, will provide a means to extend the scope of current spray casting technology
(e.g. production of tailored microstructures, knowledge-based control of spray casting,

* D. Apelian, A. Lawley, G. Gillen and P. Mathur, "Spray Deposition : A Fundamantal
Study of Droplet Impingement, Spreading and Consolidation", ONR Technical Reports 1-
4, NR 650-025, Contract N 00014-84-K-0472, Office of Naval Research, Arlington, VA
(1984-1988)
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* High Strength Low Alloy Steels. To evaluate the Osprey process for processing bulk
HSLA steels. A major advantage of the Osprey process appears to be its flexibility in terms
of the choice and range of processing parameters, particularly for the HSLA-100 class of
steels. These steels are difficult to process by conventional ingot metallurgy.

Experiments were conducted on the pilot scale Osprey spray casting facility at Drexel

University under license from Osprey Metals Ltd. The equipment comprises (i) a 175kW
melting and dispensing unit with a capacity of 30kg of steel, (ii) a gas distribution and

atomizing system using Osprey atomizers, (iii) a spray chamber and preforming device to
produce disk and tube components, (iv) a fluidized bed particle injector system for second
phase particles, and (v) control panels.

A list of publications from research conducted on this program is given in Attachment 'A'.
Student thesis details are given in Attachment 'B'.

Summary of Results

We present a concise overview of our approach and the results of the research. More

detailed descriptions of the approach, model formulation and experiments have been
provided in previous reports and in Attachment A.

A. Process Fundamentals

Due to the microscopic size of the droplets in the spray, and the small time intervals over

which the processes occur, the Osprey process was analyzed by formulating a mathematical
model using established tenets of heat transfer, phase transformations and fluid mechanics.
Specific inputs for the analysis, and the model predictions, were assessed experimentally

utilizing the Osprey spray casting facility at Drexel University.

The analysis was conducted in two component stages which occur in sequence, namely : (i)
droplet gas interactions in flight, and (ii) droplet consolidation at the substrate. Modeling
and experimental work in these stages was synthesized into an integral process model. The
analysis describes the velocity and enthaply profiles of the droplets in flight, the heat and
mass distribution in the spray vs flight distance, the build up of preform shape/geometry
with different substrate configurations and motion, and the temperature distribution in the

consolidated material during, and after, deposition. It also delineates parameters which
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affect the preform yield. Significant results are provided here for values of the process
parameters normally in use on our Osprey facility.

Atomizatian

The distribution of droplet sizes was determined by collecting droplets from the spray.

The powders are spherical and have a smooth morphology; their size distribution is

Gaussian. Typically, the mass-median droplet diameter dm is in the range 80-1501=i
for Cu-, Ni- and Fe-base alloys, in increasing order of dm. The log-normal standard
deviation a is 1.75-2.20, thus 95% of the droplets are in the size range 20-1000lm.

Data on droplet sizes were correlated with the material and processing parameters using
Lubanska's empirical relationship for atomization. The atomizer-specific constant KL

and exponent m were found to be - 100 and 0.5, respectively, for the Osprey atomizer
used. This correlation facilitates computation of dm and ; under different processing

conditions when experimental data are unavailable. dm can be decreased by increasing

the melt superheat or gas:metal ratio. The substitution of argon for nitrogen as the

atomizing gas does not lead to any significant effect on the droplet size distribution.

Velocity of droplets during flight is primarily a function of their mass. Predicted

droplet velocities on impact with the substrate are in the range 10-100 m/s for droplet

sizes from 20-250gm, under standard operating Osprey conditions. Still photography

with a 1/4000s exposure time confirms the predictions within an order of magnitude;

accurate measurements of droplet size and velocity are currently limited due to the
microscopic size of the droplets and the time scale of droplet flight (a few

milliseconds).

The variation of a droplet's temperature with flight distance can be dividefa into four

stages. In Stage I, the liquid droplet cools ( and undercools) primarily by losing heat to

the surrounding gas via forced convection, until the nucleation temperature is reached.

In Stage II, the droplet nucleates solid and begins to solidify during recalescence up to

the arrest temperature. Subsequent solidification (Stage III - "normal" solidification)

occurs with an attendant drop in temperature and is governed by the rate of heat
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extraction by the gas. In Stage IV, the droplet cools in the solid state by forced
convection.

From theoretical calculations, and by estimating the extent of droplet solidification

during flight (by intercepting droplets on glass slides), the degree of droplet
undercooling f (= fraction of the undercooling required for homogeneous nucleation) is

found to decrease exponentially with increasing droplet volume. Thus, droplets smaller

than the mean size (< 851am for Fe-5 w/o Ti) are predicted to undergo an initial phase of

partitionless solidification.

" Density, melting point and heat contained within the freezing range of the alloy are the

three significant material parameters which affect the state of the droplets at impact:
(i) droplets of diameter less than a critical value d* are completely solidified upon impact.

Typically d* is predicted to be in the size range 30gm- 125gtm for the alloys described;

it increases with increasing melting point of the alloy.

(ii) droplets of diameter greater than d* impact the deposition surface in a "mushy"

condition with varying fractions of liquid. These droplets comprise a solidified

dendritic skeleton, as observed from glass slides. Their impact on to the deposition

surface fragments the dendrites and generates many nucleation sites for deposit
solidification.

(iii) only droplets greater than about 300gm for Al and 900ptm for the other metals arrive at
the deposition surface in a completely liquid state.

Spra Chara s

* *The percentage of liquid in the spray is found to decrease rapidly with increasing flight

distance during the initial stages, but subsequently the decrease is retarded. At

operative spray heights of 300-400mm, the spray comprises 10-40 v/o liquid upon

impact. Both melt superheat and gas:metal ratio affect the amount of liquid in the spray

to a similar extent but in the opposite directions. Nitrogen is approximately four times

more effective in cooling the spray than argon.

Qualitatively, the width of the spray decreases with increasing gas pressure and/or

* gas:metal ratio.

* -4-



Drle Consoadation:

Only a portion of the droplets reach the substrate; this fraction is defined as the target
efficiency of the spray, 1-t. Furthermore, only a fraction of the droplets arriving at the

substrate "stick" and contribute to deposit growth; the remaining droplets "bounce-off'.
The fraction which adheres is termed the sticking efficiency, 'Is. Deposit yield is
determined by the product of these two efficiencies. lI t depends upon the size of the

substrate, the shape of the spray, the stand-off distance, the distribution of droplets
within the spray and the substrate motion. Target efficiency for the production of a
120mm dia. disk preform is -85%. lIs is a metallurgical parameter which is governed

by the state of the spray at impact, the state of the top surface, the angle of incidence
and by the substrate configuration/motion (e.g. rotation speed).

* Observation of droplets intercepted on glass slides suggest that the mode of
deformation of the droplets on impact depends primarily upon the extent of their
solidification. Small, fully solidified droplets (<din) undergo minimal deformation and
have a spherical morphology with smooth surfaces. Larger, partially solidified droplets
fragment along interdendritic regions, while the fully liquid droplets spread radially and
splat with attendant jetting and cavitation.

Preform Shape

* Under "standard" conditions of spraying onto a horizontal stationary substrate, the
maximum deposit growth rate at the spray axis was - 5.25mm/s, and the radial
distribution coefficient that governs the spread of the spray for the Gaussian

0 distribution was -0.0005rm -2 for Fe alloys.

" Deposit/preform geometry is predicted by combining the variation of deposition rate
across the spray cone with a mathematical description of the substrate motion. This

5 model is used to predict the growth of the disk, tube and/or strip for any combination of

substrate motion parameters.

Heat Trase Pameters

• Measured values of heat flux across the deposit-substrate interface show that the heat
transfer coefficient is a maximum of -105 W/m/K in the initial second but decreases to
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-500 W/m/K during the bulk of the deposition period. This decrease is the result of the
formation of an air gap between the deposit and the substrate.

Heat transfer coefficient at the deposit-gas interface is estimated to be in the range 100-
500 W/m2/K, depending upon the gas pressure (6-10 bar), spray height (300-400mm)

and angle of inclination.

Preorm Solidcation:

In the initial stages of deposition, the deposit solidification rate is greater than the heat
influx, thus impinging droplets impact a solidified top surface of the growing deposit.
This rapid cooling results in a high degree of interconnected porosity (-14%) in the first
millimeter of the deposited material.

With continued time of deposition, the solidification rate decreases and the temperature
at the top surface of the deposit begins to rise. A partially liquid layer forms on the
surface of the deposit and increases in thickness during deposition. The deposit
comprises two "layers" during its build up: (i) a bottom layer of solidified metal, and
(ii) a partially liquid layer which contains decreasing amounts of solid from bottom to
top.

From the predicted thermal profiles across the deposit, and from temperature
measurements within the sprayed deposits, it is concluded that the cooling rates during
solidification of the bulk of the deposit are <1000C/s. Hence the solidification process
occurs in two stages : a majority of the solidification occurs in flight at cooling rates in
the range 103-104 K/s while the remainder of the solidification occurs at <102 K/s.

Preform Mcrostructure

The deposits exhibit a uniform distribution of equiaxed grains (20-200gm), no
macrosegregation, a uniform distribution of second phases and the absence of prior
particle boundaries (because of the presence of a partially liquid layer).

Measured grain sizes in the deposit are approximately equal to, or less than, the mean
droplet diameter but undergo extensive coarsening in single phase materials due to the
slow second stage of cooling. The segregate spacing is smaller than estimates from the
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local solidification time because of the two-step solidification process, retarded
coarsening of the dendrite arms at the high fraction of solid in the deposit, and/or
nucleation by presolidified particles from the spray.

Porosity in the deposit may arise from gas entrapment, inadequate feeding of liquid due
to solidification shrinkage and rapid cooling. Except in the bottom zone of high

interconnected porosity, the bulk of the deposit contains less than 1% porosity and the

the pores are <ljm in diameter.

The level of gas porosity is a function of the atomizing gas (either nitrogen or argon)
used for atomization. An unreactive/inert gas (e.g. argon for superalloys) leads to a
higher level of porosity since gas bubbles are trapped during deposition, while bubbles
of reactive gases 'dissappear' by reacting with the metal/alloy.

Since the mechanism of deposit solidification resembles liquid phase sintering, the level
of porosity from shrinkage and cooling is governed by a balance between the
solid/liquid ratio being deposited and the packing efficiency of the solid particles. Hot

*tearing may be encountered at the center of the disk if the parameters of motion are

improperly set relative to the condition of the spray.

B. Processing of HSLA Steels

This study was undertaken to assess the validity of fabricating bulk HSLA steels by spray

casting. Preforms of HSLA-100, a low carbon bainitic, copper precipitation strengthened
steel, were spray cast under differing conditions of superheat, atomizing gas (nitrogen)

*- pressure, and preform cooling rate. Subsequently, portions of the spray cast material were
subjected to thermomechanical processing.

Microstructure was characterized in terms of grain size and the extent of porosity. Tensile
- and impact properties, and microhardness, were evaluated in the spray cast, spray cast and

aged, hot rolled and hot rolled and aged conditions.

0
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Preform Inte~rx

• HSLA steels can be spray cast into bulk preforms of controlled shape. Internal
integrity of the microstructure is reflected in acceptable levels and distribution of porosity,

and an accompanying homogeneous grain structure. With the exception of occasional hot
tears in the center of the preform, the spray cast microstructure is relatively insensitive to

the spray casting conditions examined.

* The prior austenitic grain size in the preforms is relatively coarse (100-500gm), and
depends on the location in the preform. This grain size range, and the accompanying

coarse bainitic microstructure, are attributed to the loss of aluminum and niobium in melting
and/or atomization. Hot rolling reduces the grain size to -100.m. No significant changes

in microstructure occur during aging.

Mecha'cal i

. After hot rolling, yield strengths >860 MPa and elongations -20% are achieved in the
HSLA-100. Toughness is also improved by hot rolling.

* Process optimization to eliminate fine-scale porosity in the spray cast preform is
expected to result in attractive tensile and impact properties without the need for subsequent
thermomechanical processing. The spray casting study has demonstrated that flexibility

exists in terms of the choice of processing parameters; this is an advantage for this class of

HSLA steels which are difficult to process by conventional ingot metallurgy.
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D. Apelian, A. Lawley, G. Gillen and P. Mathur, "Theoretical and Experimental Studies of
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ANALYSIS OF THE SPRAY DEPOSITION PROCESS

P. MATHUR, D. APELIAN and A. LAWLEY
Department of Materials Engineering, Drexel University. Philadelphia. PA 19104, U.S.A.

(Received I February 1988; in ,etij dfurm I June 1988)

Abstract-Net or near net shape products can be manufactured by technologies involving solidification
processing. metal forming, particulate processing, and droplet consolidation. One example of droplet
consolidation is spray deposition in the OspreyT mode. In this process, a stream of liquid metal is
atomized by an inert gas to form a spray of molten droplets; these are accelerated towards a substrate
where they impinge and consolidate. An integral model for the Osprey' spray deposition process has
been developed using established theoretical principles. Mathematical models describe the interconnected
processes of droplet-gas interactions in flight and subsequent droplet consolidation on the substrate. The
models predict droplet velocity and temperature as a function of flight distance, the extent of droplet

0 solidification on arrival at the substrate, and temperature distribution in the consolidated material during
deposition. This approach demonstrates the utility of modeling studies in order to establish quantitative
guidelines for optimization of the process in terms of the evolution of microstructure in droplet
consolidation.

Risumi-Des produits, de forme exacte ou approchee. peuvent itre fabriques selon des technologies qui
font intervenir la solidification, la mise en forme des metaux. le frittage de particules. et la consolidation
de gouttes. Un exemple de consolidation de gouttes est It dip6t par vaporisation en mode Osprey'. Dans
ce procdi. un jet de metal liquide est atomise par un gaz inerte pour former une vapeur de gouttelettes
fondues; elles sont accelries vers un support ou elles se fixent et se solidifient. Un modele integral a et
developpe pour le m6canisme de dip6t par vaporisation OspreyT .i a l'aide de principes theoriques bien
connus. Des modeles mathematiques decrivent les processus interdipendants des interactions goutte-gaz
en vol et de la consolidation ulterieure des gouttes sur It support. Ces modeles prevoient la vitesse des
gouttes et la temperature en fonction de la distance de vol, de Ia proportion de gouttes solidiflees
lorsqu'elles arrivent sur le support, et de la distribution des temperatures dans It maWriau consolide
pendant le delpt. Cette approche demontre I'utilite des etudes de mod&lisation quand on veut itablir un
guide quantitatif pour optimiser le processus en fonction de 1'6volution de la microstructure dans la
consolidation des gouttc,.

Zsammeafassag-Werksticke knnen in in endgiiltiger oder nahezu endgiiltiger From mit tech-
nologischen Verfahren wie Erstarrung. Ziehen und Verdiisen hergestellt werden. Ein Beispiel der
Verdiisung ist das Aufspruihen mit der OspreyI'-Methode. Bei dieser Methode wird ein flassiger
Metallstrom mit einem inerten Gas atomisiert und in einen Spriihregen von Tr6pfchen verwandelt; diese
Trdpfchen werden gegen ein Substrat beschleunigt, wo sie auftreffen und sich verfestigen. Mit eingefihrten
theoretischen Prinzipien wird fIr diesen ProzeB ein Gesamtmodell entwickelt. Mathematische Modelle
beschreiben die miteinander zusammenhingenden Prozesse der Wechselwirkungen zwischen Tr6pfchen
und Gas im Flug und die darauf folgende Verfestigung auf dem Substrat. Das Modell ergibt Trdpf-
chengeschwindigkeit und -temperatur in Abhingigkeit vom Flugweg. das Ausmal3 der Tr6pf-
chenverfestigung bei Ankunft auf dem Substrat und die Temperaturverteilung in der verfestigten Schicht
wihrend der Abscheidung. Dieses Vorgehen zeigt den Nutzen von Modelluntersuchung far das Aufstellen

0 quantitativer Richtlinicn, mit denen der Prozel3 hinsichtlich der Entwicklung der Mikrostruktur bei der
Verfestigung der Tr6pfchen optimiert werden kann.

I. INTRODUCTION particulate processing [I, 2. 4. 51 and droplet consoli-
dation (6-81.

An intrinsic requirement of new processing tech- In this paper, attention is directed to droplet
nologies is net or near-net-shape capability [I, 2) in consolidation in which the material, in the form of a
which the finished or nearly finished part is produced spray of droplets. impinges on a substrate to produce
by the shortest route consistent with service and a thick deposit. Examples of droplet consolidation
performance demands. The part must not only have are low pressure plasma deposition/spraying [8) and
the final shape needed, but it must also exhibit the Osprey' spray deposition process (6, 7]. In
minimum property requirements. There are several plasma deposition, the starting material is in the form
approaches to net shape manufacturing of metallic of solid powder particles; upon injection into the hot
materials; these utilize the generic technologies of plasma the particles melt and finally impact and
solidification processing [1. 31 metal forming [I, 2.4] consolidate at the substrate. The OspreyTm  spray
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deposition process involves atomization of the alloy
melt and impingement on the substrate with atten-
dant consolidation. Spray deposition, spray forming, S DSC

and spray casting are terms used to describe process ME..,"M
involving droplet consolidation.

We present a model for the complex, inter-
connected OspreyrM process, since it is not amenable
to analytical theory. Well established theoretical ;.
tenets of fluid mechanics, heat transfer and phase
transformations have been combined to formulate a COATINGS
numerical model. It was also necessary to conduct :: :: m
specific experiments to arrive at input parameters for ,..THIN
the model and to assess model predictions. PR UCM

2. PROCESS DESCRIPTION Fig. 2. Schematic of different shapes produced by spray
deposition.

The droplet consolidation process analyzed here is
OspreyTM spray deposition. A schematic of the pro-
cess is given in Fig. I. Briefly, the alloy charge is fashion. The major advantage of the process is that
induction melted in a crucible located on top of the a near-net shape product can be fabricated in a single
spray chamber. During melting, the chamber is operation directly from the melt at deposition rates in
purged with nitrogen gas and a slight over pressure excess of 0.3 kg/s. Metallurgically, the product ex-
of nitrogen gas is fed into the scaled crucible to hibits a fine equiaxed grain structure with essentially
prevent oxidation of the melt. The molten alloy exits no macroscopic segregation of alloying elements.
through a refractory nozzle in the bottom of the More detailed descriptions of the Osprey T

M process
crucible. In the atomizing zone below the crucible the are given elsewhere 16. 7].
molten metal stream is broken up into a spray of
small droplets by nitrogen gas, typically at a pressure 3. MODEL FORMULATION
in the range 0.7-1.0 MPa. The liquid droplets are
cooled by the atomizing gas and accelerated to the The deposition process is depicted schematically in
substrate where they impinge and consolidate to form Fig. 3. There are two distinct stages of the process:
a thick net or near-net shape deposit largely devoid one, where the droplets are in flight and interact with
of porosity. An on-line sensor linked to a micro- the atomizing gas, and the other where the droplets
processor monitors the spray and the deposit during impact and interact with the substrate. In the first
deposition, and adjusts processing conditions accord- stage, the droplets generated by atomization are
ingly. accelerated towards the substrate and cooled by the

A number of shapes can be deposited by man- atomizing gas. Depending on size and hence cooling
euvering the substrate beneath the spray, Fig. 2. For rate, the droplets are completely liquid, partially
example, a solid cylindrical geometry is produced by liquid, or completely solidified when they impact the
spraying onto a rotating disc substrate. By spraying substrate. In order to optimize the integrity of the
onto a rotating mandrel, coatings can be applied, or
a thin or thick walled tube can be fabricated. Depo-
sition onto a large diameter drum or wheel allows FULLY SOLID

strip or sheet to be produced in a semi-continuous /

SEM-SOLIO
MOLTENq METAL 'rUNDISH / CRVC3LE

ATOW4EN GAS FULLY LIQUIO
GAS AI"OMISIl

SPRAY DOSITE 501.1 PREFORM
PRUOtM OEPOSIT THIN LIQUID1 LAYER CON4TAINING

SOLI PREFRAI
N 
RIE14NNG NUCLEI

SPRY
Fig. I. Schematic of the Osprey Tm process. Fig. 3. Schematic of the spray deposition process.
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deposit in terms of microstructure, it is necessary to This equation is applicable over a wide range of
determine the condition of the droplets prior to Reynolds numbers (0.1 <Re < 4000) with only a
impingement, in terms of their heat content, size small deviation (± 7%) from the standard drag curve.
distribution and number density in the spray. Math- The flight trajectory of the droplet is divided into
ematical models are formulated which describe the short segments over which equation (2) is assumed to
droplet'gas interactions to predict the velocity and be valid. There is no analytical solution to equation
temperature profiles of the droplets in flight, and the (2); it is solved numerically at nodes separating the
progress of droplet solidification with flight distance. segments of flight [Il].

In the second stage of the process, the droplets 3.1.2. Droplet temperature and solidification in
impinge, consolidate and solidify on the substrate to flight. To model the temperature history and
yield a deposit with an essentially homogeneous solidification of droplets, the schematic profile shown
microstructure. Only the very first droplets make in Fig. 4 is adopted. For a given droplet. its initial
contact with the emplaced substrate while successive temperature T, is determined by the degree of melt
droplets impinge onto previously consolidated drop- superheat. The droplet cools by losing heat to the
lets. A heat transfer model is used to predict the surrounding gas by convection and radiation until
temperature history experienced at any location the nucleation temperature T. is reached this may be
within the deposit during its build-up. This is accom- below the equilibrium liquidus temperature. as shown
plished by taking account of the rate of heat and mass in Fig. 4. The operative heat balance is
influx to the deposit from the spray of droplets, and the
rate of external heat extraction. The predicted tem-
perature profiles are subsequently used to determine where Q, is the rate of heat loss during flight and h
the rate of advance of the solid-liquid interface, the is the convective heat transfer coefficient. Heat loss
local solidification time and the variation in micro- from the droplet during flight can also be expressed
structural features across the deposit thickness. as

3. . Droplet 'gas interactions Q, = mCd AT, At. (6)

3. /.1. Droplet Lelocity in flight. The metal spray is The change in temperature A T over each time step At
comprised of droplets of differing diameter and the can be calculated by combining equations (5) and (6).
model considers a single droplet diameter at a given From the instantaneous droplet velocity, AT can be
time in order to calculate velocity and temperature calculated over each segment of flight distance.
profiles along the droplet's flight trajectory. Similarly, Heat transfer between the droplet and the sur-
this calculation is carried out for different droplet rounding gas is assumed to be interface controlled
diameters. Individual droplets are treated as spheres since the Biot number (hd'Kd) is <0.1. The con-
and are assumed to follow a linear trajectory in flight. vective heat transfer coefficient h in equation (5) is
Each droplet will be accelerated to a point in flight then given by (12]
where its velocity equals the instantaneous velocity of h = K, (2 + 0.6 Re0 I Pr 0 3 3) (C.s, C) 26 d. (7)
the atomizing gas, i.e. the relative velocity is zero.
Beyond this flight distance, the droplet will travel The specific heat ratio Ca,,'C, is included to account
faster than the gas and consequently it will be de- for the high temperature gradients in the gas immedi-
celerated. ately surrounding the droplet (13); where C, ,, is the

The velocity profile is determined from the momen- specific heat at an average temperature (T + T)/2.
tum equation which relates the acceleration of a In order to predict the droplet temperature profiles.
droplet to the velocity of the gas relative to the it is necessary to know to what extent undercooling
droplet. The total force (F) acting on a spherical occurs. Two extreme conditions are considered: no
droplet of diameter d in a one-dimensional con- undercooling (i.e. heterogeneous nucleation) and
tinuum gas flow is given by (91 complete undercooling (i.e. homogeneous nucle-

F=m (dVd/dt) -(CopsV2 A/2) +mg (I) ation).
For homogeneous nucleation, the critical under-

droplet acceleration - (dVdldt). cooling AT, is given by [14]

= {3CDp,(V,- Vd) V,- VdI/4dpd}+g. (2) (ATI/T,) 2 =(161rj1)'[3AHkTln(N)] (8)
Nomenclature of terms is given at the end of the where N is the number of atoms in the droplet and
paper and the values of specific parameters used in is therefore a function of droplet diameter. In terms
the model are listed in Appendix I. of Fig. 4, T, = T, if there is no undercooling. and

The drag coefficient, CD, is related to the Reynold's AT, - T, - T. for complete undercooling. If any
number (Re) by [10] undercooling exists in the droplets. the effect of

CD -0.28+6/iR 2 RlR (3) recalescence must be included in the model. Nucle-

and o .+ [6(e) ]+[/e] ation at T. causes the temperature of the droplet to
increase to a temperature T0 due to release of latent

Re = Vrd/v. (4) heat. Fig. 4. Solidification is assumed to occur by the
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is determined as follows
Tr, H ,, = ZH,(d,)d~f(d,)iXd~f(d,) (12)

Ta ... r, where H(d,) is the enthalpy of a droplet of diameter

V_&~ i W-t d and f(d,) is the fraction of droplets of diameter ~
.r. 3.2. Droplet substrate interactions

r r, Eq~.IM,~n,s,,,,,1a,, Microstructure across the deposit thickness is de-
x wa mo,,,,o,,ecmam, termined primarily by two competing parameters,

namely deposition rate (6) and the rate of
FLGHT otSAmC solidification (S). If the solidification rate is greater

Fig. 4. Schematic temperature profile of a droplet in flight than the deposition rate, successive droplets impinge
f'or an alloy composition with a mushy region. onto a solidified surface and a rapidly solidified

microstructure is maintained throughout the deposit.
If the deposition rate is greater than the rate of

growth of thermal dendrites into the supercooled solidification, a liquid (or partially liquid) layer can
melt. The problem is to determine the recalescence form and grow. Solidification of this type. wherein
arrest temperature (T,) and the fraction of the drop- the solid evolves from a liquid layer on the deposit
let that has solidified during recalescence (f). surface, is termed "incremental solidification" [20].

The rise in temperature during recalescence is To model the thermal profile of the deposit during
divided into short increments of temperature rise A T, spray deposition, values of the following parameters
or increments of the fraction of the droplet that is must be known:
solid. A4(. For progressively increasing values of (a) average heat content of the spray at the deposit
temperature, the rate of heat release Q. from the surface (H.,y)
solidifying droplet is given by (b) deposition rate or increase in deposit thickness

Q =AHr Vdr Apd. (9) with time (D6)
(c) rate of heat removal by the substrate and the

The dendrite growth velocity Vd, is the only un- atomizing gas (h, and h, respectively)
known in this equation: it can be determined from the (d) metal properties.
Ivantsov equation for growth of paraboloid dendrites
[151 Factors (a) and (b) combine to yield the rate of

heat input into the deposit. while (c) determines the
p exp(p) E(p) = Q (10) rate at which heat is extracted from the deposit. A

where p is the Peeler number given by Langer and one dimensional heat balance is established in the
Muller-Krumbhaar 161 direction of deposit growth to yield the change in

enthalpy with time at any position within the deposit.

p = Vd,, rd., 2: = (Vdr d0, 2DT )P (I I) This formulation uses factors (a). (b). (c) and (d) and

wr 0.025. accounts for the moving boundary at the depositwith the stability parameter r surfce.uchthasurface such that

Va,, decreases as recalescence proceeds. Con- p(Wl/t) -(I/L2)[fe (VT ei)]
sequently. Q. decreases during recalescence [equation
(9)]. The limit in the increase of the droplet tem- +(priL)(eH,'eq)(dLdt) (13)
perature (i.e. to the arrest temperature T) occurs where L is the thickness of the deposit at any instant.
when Q, is equal to Q, [as defined in equation (5)]. 1 = :/L. z is distance into the deposit measured from
After recalescence is complete, further solidification the substrate upwards, H is the enthalpy at position
of the droplet is dictated by the Scheil equation [17]. z, dLldt = b) is the rate of deposit build up (deposi-
Transition from the recalescence stage to steady state tion rate) and i is elapsed time from the start of
Scheil conditions occurs via non-equilibrium par- deposition.
titioning of the solute, i.e. the partition coefficient is Enthalpy, rather than temperature. is considered in
a function of the dendrite growth velocity [18, 19]. equation (13) to account for the latent heat released
The final stage of cooling in Fig. 4 occurs totally in during solidification. The boundary condition at the
the solid state. deposit-substmte interface (n - 0) is

The actual undercooling of the droplets can be
represented by the parameter f ( - A T./ A T,), such (K!L)/(dTdP7) - h, (Td - 7,) (14)

that f - 0 with no undercooling and f - I for hom- where h, is the heat transfer coefficient at this inter-
ogeneous nucleation. For given values of f in the face.
range 0 f 4 I. the enthalpy of individual droplets at The boundary condition at the top surface (py - I)
impact is predicted from the model of droplet tern- is
perature and solidification in flight described above.
By the summation of the enthalpy of individual 0 (H, -H)(dL/dt)
droplets, the average enthalpy of the spray at impact - K (dT/dn)iL + h, (T, - Td) (15)

0
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where h6 is convective heat transfer coefficient for gas in flight. For Ni-20 wt% Cr. the size distribution was

cooling and p H,,. (dL dt) is the heat flux input determined by sieve analysis of the powders while
from incoming droplets. patternation experiments were utilized to determine

Equation (13) is solved by an explicit finite the size distribution of Fe-20 wt% Mn droplets.
difference numerical scheme [I I] at grid points posi- In the patternation experiments, droplets were
tioned along the deposit thickness. A finer grid is used sampled at radial distances of 0, 26 and 50 mm from
in regions with high temperature gradients. While the axis of the spray in concentrically placed copper tubes
total number of grid points is constant, the grid filled with water. A shutter mechanism was utilized to
expands uniformly with time to account for the limit the sampling time to 5 s. Droplets collected at
increase in deposit thickness during deposition. Grid each of the three radial distances were filtered out and
point temperatures at time t + At are calculated from analyzed by digital image analysis of SEM micro-
the temperatures available at these locations at the graphs of the particles, and by Laser Microtrac.
previous time step, t. Therefore an initial estimate of Typically, over a thousand particles were examined to
the temperature profile along the deposit thickness is obtain the droplet size distribution at each radial
required at an infinitesimal time step after deposition distance. A population based distribution of droplet
begins. This information is provided by assuming a sizes was obtained: this was converted to a mass
Newtonian heat transfer condition (i.e. no thermal distribution by transforming the number of particles
gradients in the deposit) for the initial time step in each size range to an equivalent mass. The mass

based size distribution was used to determine the
pL(dH/dt) = h(T, - Td) +h,(Td- T)fraction of droplets f(d,) of a given diameter d, in

-p (H3, ry-H)(dL/dt). (16) equation (12).

This asssumption of Newtonian heat transfer is 4.1.2. Extent of droplet solidification with flight
Thsassuptifiedfo ofaNlL nen theat tnumer sdistance. The extent of droplet solidification withjustified for small L when the Biot number flight distance was determined by intercepting drop-
hL :K <0.1. 't

With a knowledge of the parameters H,, L5, h, 3ets on glass slides at distances of 200. 275 and

and h, and the material properties, thermal profiles 350 mm from the point of atomization. The solidified
at any location in the deposit can be predicted as a droplets were examined by scanning electron micros-
function of time. The thermal profiles will differ from copy to determine the largest solidified droplet (d*)
fction to lotim. e tra pil tin i r at each of the three flight distances. This variation oflocation to location due to a spatial variation in d* vs flight distance was used to determine the degreeHsp,=y, l, h, or h1 within the spray cone. of undercooling of the droplets as described in 5.1.2.

An order of magnitude value for deposit-gas heat A rang of droplets as dsred n 5.1.2.
transfer coefficient (h.) is obtained by an empirical A range of droplet sizes was observed on the glass

forulaionforcooin offla pltesbyimpinging slides. Small droplets were solid on impact with the
formulation for cooling of flat plates by toinhn slide, these have a spherical morphology with smoothgas jets (21]. This formulation relates h to the surfaces. A fraction of the larger droplets was only
velocity and thermal properties of the impinging gas partially solidified on impact with the glass collector
by the following expression plate and these fragmented along interdendritic re-

(NuPr0o 4 ) = (WIR) ((I - 1. 1 W/R)/ gions. Droplets with larger amounts of liquid spread
radially on the glass slide, and droplets that were[I +O../W -6) WIR)] F(Re). (17) completely liquid simply splatted on the glass col-

The function F(Re) is defined as lector plate.

F(Re) = 2 Re" (I + ReO55/200)"'. (18) 4.1.3. Deposition rate. The deposition rate or spray
density (number of droplets per unit area per unit
time) is a maximum at the spray axis and decreases

4. EXPERIMENTAL towards the periphery of the spray. In order to
measure 6 as a function of R. the build up of

Experiments were conducted to provide data for deposits on stationary substrates was recorded with
the numerical models and to assess the model predic- a video camera. The increment in deposit thickness
tions. Experiments were carried out on the Osprey TM  with each time step yields the instantaneous value of
spray deposition facility at Drexel University. About ). Although b varied with time. an average value
20 kg alloy charges were induction melted under a over the complete deposition cycle was obtained as a
nitrogen cover, nitrogen was also used as the atom- function of the radial distance from the spray axis.
izing gas at a pressure of 0.85MPa (116 psi) [ 4 i.
Deposition was carried out on substrates positioned 4.2. Experiments to assess model predictions
400 mm below the atomization zone. Two alloys were 4.2. 1. Droplet velocity. The metal spray was exam-
spray deposited: Ni-20 wt% Cr and Fe-.20 wt% Mn. ined by means of shl rt exposure (0.00025 s) still

photography over flight distances from 300 to
4.1!. Experiments to determine model input parameters 400 mm. The streak lengths recorded on the film were

4. 1.1. Droplet size distribution. The droplet size used to obtain the velocity of the droplets in the metal
distribution is required in order to model the droplets spray. Accurate measurement of droplet velocity by
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techniques such as laser doppler anemometry or 1o
holographic photography is difficult due to the high 2o
density of opaque droplets in the metal spray, a ,o 200mu
condition intrinsic to the geometry and normal oper- t oo
ating condition of the Osprey unit. 90o

4.2.2. Thermal profiles within the consolidated mate -
rial. In order to measure the temperature profiles 70

within the sprayed deposits, thermocouples were ini- so
tially set at 0, 10, 20 and 40 mm above the stationary so

substrate surface at a radial distance of 12mm from 20 40 so o 1 20 140 '60the spray axis. Type "B" (Pt.6%Rh-Pt.30%Rh) DROPLET DIAE.Eaon)thermocouples were used and the bead (- I mm dia.) Fig. 6. Predicted droplet velocities as a function of droplet
was exposed in order to achieve minimal response diameter and flight distance: Ni-20 wt%. Cr.
times. Data from the thermocouples were recorded
on a 12-bit data acquisition system at intervals of
about 30 ms. A two color optical pyrometer was used increases: this increases the likelihood of mushy
to monitor the temperature of the top surface of the impact at a given flight distance.
deposit. For homogeneous nucleation, the predicted de-

pendence of droplet temperature on flight distance is
shown in Fig. 8. Small droplets (40,pm dia.) under-

5. PREDICTION AND ASSESSMENT OF MODELS cool and recalesce. Larger droplets (80 and 130p m
5.1. Dropletigas interactions dia.) experience lower cooling rates and the extent of

undercooling is insufficient to give rise to homo-
5. 1.1. Droplet t'elocity in flight. The predicted vari- geneous nucleation, at least for flight distances

ation in droplet velocity with flight distance is shown < 400 mm. Under a condition of homogeneous nucle-
in Fig. 5, assuming droplets of sizes 20, 40, 80 and ation, undercooling is sufficiently large that T, is less
130uIm dia. for Ni-20 wt% Cr alloy. Each droplet is than T., independent of droplet size. Thus, freezing
accelerated from the point of atomization up to its is essentially instantaneous, and droplets are either
peak velocity, which decreases with increasing drop- completely solid (small droplets) or completely liquid
let diameter. Peak velocity is attained at the flight (large droplets) at any selected flight distance: in
distance at which the relative velocity V, is zero. The
smaller the droplet diameter, the smaller is the flight
distance at which peak velocity is attained. At any 1600
given flight distance, there is a range of droplet 40 Et
velocities which correspond to the spread of droplet 1 1200 1-I
sizes. The predicted range of droplet velocities at 0 ,ooo

three representative flight distances is shown in Fig. Goo 401- IM

6. Measured values of droplet velocity are % 100 m/s. 60
5.1.2. Droplet temperature and solidification in 0 gas

flight. For the condition of no undercooling (T .- T1, 200 -
Fig. 4), projected temperature profiles for three drop- 0 -
let sizes are illustrated in Fig. 7. It is observed that, 0 so 00 SO 200 220 300 350 400
with increasing droplet size, the onset and completion FLIGHT DISTANCE (,m)
of solidification are delayed to larger flight distances. Fig. 7. Predicted variation of droplet temperature with flightMore importantly, as the droplet size increases, the distance for Ni-20 wt% Cr alloy: no undercooling.
flight distance over which solidification occurs also

1 i0' 1100

Igo 00 .

20 ' 1000

0 00 0: 4O P aM 80 1M 130 Pl.11
40, 

400
200

0:

0 0 0 too ISO 200 210 200 2S0 '00
0 o 0oo s * 200 2 0 300 3 0 400 FLIGHT DIS TN C ( m)

SFi.DyTANc (On) Fig. 8. Predicted variation of droplet temperature with flight
Fig. 5. Predicted variation of droplet velocity for Ni-20 distance for Ni-20 wt/ Cr droplets: homogeneous nucle-

wt% Cr droplets along the spray axis. ation.



MATHUR et al.: ANALYSIS OF SPRAY DEPOSITION 435

20 0

F G D T ( ).o , - .3 0,

0.2

20

0 100 200 300 400

*FUGHr DISTANCE 0Mm)0.

Fig. 9. Predicted variation of d* with flight distance for 0 0 00 0 200

Ni-20 wt% Cr. Curves (I) and (2) are for heteroeneous and DROLATDIAErER(pam)
homogeneous nucleation, respectively. Experimental data Fig. 11. Predicted enthalpy of Fe-20 wt% Mn droplets at

(0) included for comparison. impact as a function of their diameter. Average enthalpy of
the spray H, , is also shown. Droplet trajectory is along the

contrast to the situation with heterogeneous nucle- spray axis.

ation.
From the calculated temperature profiles of drop- In order to calculate H,.,. use is made of the

lets in the size range 20-150pmo, it is possible to experimentally determined values of the droplet size
predict the largest droplet size d* that will be solid at distribution in the spray. For Fe-20 wt% Mn, repre-
a given flight distance. The calculated dependence d* sentative log-normal size distributions by population
on flight distance is given by Curve 2 in Fig. 9 for the and mass are shown in Fig. 12. Clearly, the popu-
condition of homogeneous nucleation. For corn- lation size distribution is bi-modal whereas the mass
parison, the corresponding relation between d* and distribution is gaussian. A bi-modal population dis-
flight distance for the condition of no undercooling tribution indicates that the spray contains a large
is included as Curve I in Fig. 9. The measured values fraction of fine droplets; these are solidified on impact
of d* are also included in the figure and lie between and become nuclei for the growth of fine. equiaxed
those two curves. This confirms that the predicted grains in the deposit. The variation of mass-median
extremes regarding undercooling are valid. The trend droplet diameter with radial distance from the spray
in the experimental data suggests that nucleation axis is derived from the size distributions; this is
occurs under nearly homogeneous conditions in small shown in Fig. 13. The log-normal standard deviation
droplets, Fig. 9. in all cases was approximately 1.75. Similar obser-

Using the experimentally measured variation of d* vations for Ni-20 wt% Cr show that the mass-
with flight distance for Ni-20wt% Cr and Fe-20 median droplet diameter is 80 pm and the log-normal
wt% Mn (3 data points each), it was possible to back standard deviation is 1.80.
calculate the degree of undercooling of the droplets H,,, was calculated by substitutingf(d,) from Fig.
from the model of droplet temperature in flight. The 12 and H,(4) from Fig. II into equation (12).
calculation shows that f decreases exponentially with Summation was carried out from a; = 20 pm to
droplet tolume, Fig. 10. Knowing f the enthalpy of tA - 200pum in increments of 10 um. It is convenient
individual droplets at impact. H (iA), is predicted as to represent H,,. as the sum of two parts
a function of their diameter, Fig. II. Hp,2 = Hod,, + 0 Hfr (19)

I0
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Fig. 10. Dependence of t degree of undercooling on Fig. 12. Representative size distributions of Fe-20 wt% Mn
droplet volume. f - ATf/1AT is the fraction of under- droplets in the spray at a radial distance of 50 mm, Right

cooling required for homogeneous nucleation, distance - 400 mm.
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where ,0

H,d is the enthalpy of the alloy at the solidus
temperature

Hf, = AHr + C A Tf is the total amount of heat in
the freezing range of the alloy, and
0 is a constant, 0 = 0 if the spray is totally solid
and = I if the spray is completely liquid.

The value of 0 was determined as 0.28 under
present deposition conditions; this implies that 72% U 20

of the heat in the freezing range is released during
flight and the remaining 28% is carried into the
deposit. H,pr., is converted to an average temperature 0.27 -IS -; 0 9 IS 27

of the spray, Tp,,,, which is calculated to be 1403'C
for Fe-20 wt% Mn at a flight distance of 400 mm. RADIAL DISTANCe U(n)

HPa decreases from the center of the spray (a)

(R = 0mm. # = 0) to its periphery (R = 50mm,
# = 7:) because droplets at the periphery travel 6._

greater flight distances before impact. Also, the
smaller, colder droplets tend to be carried to the edge .
of the spray, whereas the larger. hotter droplets have
greater inertia and remain at the center. By taking
account of the variation in droplet sizes from the axis 2

of the spray to its periphery (Fig. 12), the variation
in Hry with R at a flight distance of 400 mm was 0
estimated to be <5%. Therefore this variation was 0 s ,0 1S 20 25 30 35

neglected in subsequent computations and the heat RADIA-ANE(mm)

content of impinging droplets is assumed to be nearly (b)
constant across the width of the spray. Fig. 14. (a) Thickness profiles at time intervals (sec.) from

the start of deposition, and (b) dependence of time averaged
5.2. Droplet/rsubstrate interactions deposition rate on distance from the spray axis.

5.2.1. Deposition rate. Thickness profiles recorded
during the build-up of a Fe-20 wt% Mn deposits are
shown in Fig. 14(a). The dependence of 65 on R is 5.2.2. Heat transfer coefficients. A value of
gaussian, and gives a good fit with the curve h, = l0' Wim:K was used for the depositisubstrate

heat transfer coefficient based on data available for
S= B exp(.-bR2 ) (20) similar solidification processes [22. 23]. Direct

where B (maximum deposition rate) and b (radial measurement of the heat extraction parameter will
distribution coefficient) are determined as 5.25 mm/s also be made when a suitable sensor becomes avail-
and 0.0018 rm-2 respectively, when 15 is expressed in able; such a sensor is under development.
mm/s and R is in mm. By substituting in values form Appendix I into

For deposition onto stationary substrates, a given equation (18). the deposit-gas heat transfer
location will have a fixed value of 6 corresponding coefficient h, is approximately 2 x l0 W m: K.
to its distance R from the spray axis. Movement of 5.2.3. Thermal profiles in the deposit. Temperature
the substrate can be incorporated by changing the distribution across the deposit is calculated as a
value of R. and therefore A5. with time depending function of time from equations (13-15). Sample
upon the motion imparted, predictions are presented in Fig. 15 for the spray

deposition of Fe-20 wt% Mn onto a stationary
substrate positioned 400 mm below the atomization
zone. The predictions supply to a location 12 mm

S. from the spray axis where 15 = 4 mms [Fig. 14(b)].

Tpm , - 1403-C. h, = 103 W m'K and h,=
2 x 102W,m K.

70- The thickness of the deposit increases linearly
during deposition and remains constant thereafter.

0 0 20 30 40 so Fig. 15(a). Thermal profiles across the thickness of

RADIAL DISTANce (m,) the deposit are obtained by drawing a vertical line at

Fig. 13. Variation of mass-median droplet diameter with any instant of time. It is observed that the deposit

radial distance from the spray axis; Fe-20% Mn. flight comprises two "layers": (i) a bottom layer of
distance = 400 mm. solidified metal, and (ii) a partially liquid layer which
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fully solidified, the remaining material is in a mushy

ED OF -state containing 0.94 <f, < 1.
DEPOSmON Once deposition is completed, the heat influx is

12 discontinued and the bulk of the deposit begins to) MON/ 
solidify from this time, see Fig. 15(b). The liquid

L WOMON layer, Tv, decreases in thickness from the top and0 0 LINE bottom surfaces inwards due to heat extraction from
o J these interfaces.

4 i /Oc The variation of temperature with time at a specific
lc 03M height in the deposit above the substrate is obtained
123M from Fig. 15 by moving along a horizontal line drawn

.s 1 a 25 39 35 4 at this height. Thermal histories at three different

OSmoN TM 2) positions within the deposit (10, 40 and 80 mm above
the substrate surface) are shown in Fig. 16. At the

(a) 80mm location (i.e. the center of the deposit), for
example, it takes 20 s for the deposit surface to build

1"' up to this height. Hence for the first 20 s from the
start of deposition, the temperature remains at about

12 1(200WC. When the surface of the deposit reaches this
1 1location, the temperature increases rapidly to T, it

f(,Q) ,remains constant at T, 2 for about 50s and then
decreases. Solidification is completed when the tem-

Sperature drops to 12340C; the local solidification time

- tiat this height is - 300 s.

The interval between the deposition line and the

*f, = I contour in Fig. 15(b) is a measure of the local
lo a ,,, , - solidification time, tr. It is observed that tf increases

iiime(,c rapidly over the initial thickness of the deposit.
(b) attains a maximum near the center, and then de-

Fig. 13. (a) I'redicted thermal contours across Fe-20 w/o Mn creases due to gas cooling on the surface of the
deposit dunng its build up, 6 = 4 mm/s. r = 1403-C, deposit.
h,=10OWm)K. h-=200WimK R=12mm (b) Pre- Corresponding predictions of the model at a lower

O dicted temperature profiles across Fe-20 wt% Mn deposit deposition rate of 2 mm/s [from R = 23 mm in
dunng and after deposition, showing, thickness of partially

liquid layer :0, and local solidification time. ir. Same Fig. 14(b)] are displayed in Fig. 17(a). Model predic-
conditions as in Fig. 15(a). tions at a higher value of T,., (T,v , = 1450C.

1) = 2 mim/s) are shown in Fig. 17(b). T,., can be
increased, for example, by decreasing the flight dis-

contains decreasing amounts of solid from bottom to tance or by using argon as the atomizing gas. In-

top. creasing the deposition rate or the spray temperature

In the initial stages of deposition, the deposit cools [Figs 15(b), 17(a). and 17(b)]:
rapidly due to quenching by the substrate. The (a) increases the temperature of the top surface
solidification rate is greater than the deposition rate during deposition,
and therefore impinging droplets impact a solidified
top surface of the deposit. This results in poor
welding between successive droplets and leads to T .39(rC
p o ro s ity w ith in th e d e p o sit. Te -_ -. _ _ - -_ - - -

The rate of solidification or external heat extrac- I

tion decreases with increase in deposit thickness.
Consequently, the temperature of the top surface
begins to rise and reaches a steady state value of
about 1390'C (f, = 0.94), Fig. 15(a). Thus, a partially

O liquid layer forms on the surface and increases with
deposition time. This implies that the heat influx from
incoming droplets exceeds the rate of heat removal by
the substrate and the atomizing gas, i.e. the situation
of L) > 9 is applicable. Clearly, this imbalance be-
tween heat influx and heat extraction must be con- -4 l 2% AS 36 4M*

trolled in order to maintain uniformity in structure Tv(,of)

throughout the deposit thickness. By the end of the Fig. 16. Predicted temperature profiles at three heights (:)
spray deposition cycle only a tenth of the deposit is above the substrate surface; Fe-20 wt% Mn, from Fig. 15.

AM 372-H
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Fig. 18. (a) Predicted variation of local solidification time
0 4. i m , d 3; 1i rs within the deposit with height above the substrate surface.

=I=. Experimental data (0) included for comparison with the
(b) curve 6 =4 mn/s. T~, = 1403'C. (b) Predicted cooling

rates within Fe-20 wt% 1lAn deposit as a function of heightFig. 17. (a) Predicted temperature profiles across Fe-20 above the substrate surface for three combinations of 15 and
wt% Mn deposit; L = 2 mints T,'. = 14037C. (b) Pre-
dicted temperature profiles across Fe-20 wt% Mn deposit;

6 = 2 mm/s. T,,, = 1450'C.

sponding increase in temperature is observed. Due to
bulb formation, the response time of the thermo-

(b) increases the thickness of the partially liquid couple is increased, and it takes a few seconds before
layer, the measured temperature reaches the actual tem-

(c) decreases the fraction of solid in the liquid layer perature of the top surface. The local solidification
and results in a time tr is measured as the interval between the second

(d) longer period of time for complete solidifi- rise in temperature and the time at which the tern-
cation. perature decreases to 1234C.

An average cooling rate during solidification was The experimental temperature profiles provide a

calculated as follows direct comparison with model predictions displayed
in Fig. 15 and 16 for R = 12 mm. The predicted

S=ATr/f (21)

where t is the cooling rate and ATr is the temperature T,

range over which soldification occurs. For example, Is
ATr 1390-1234- 156°C for 6)-4mm/s and Expellm

TM= 1403 0C. The predicted solidification times e ie$
and average cooling rates are shown in Fig. 18 for the * *

three combinations of b) and T,. described above.~
Except in the initial zone z which freezes rapidly
(S > /), the deposit experiences nearly uniform cool-
ing rates < 5C/s across its thickness.

The temperature profile recorded by one of the ,..
thermocouples set at z - 20mm is displayed in t--.-.- on
Fig. 19. The initial rise in temperature (at t - 0) . . r .t. re 14 4,
results from the start of the metal spray; droplets t=W)
incident on the thermocouple tip consolidate to form Fig. 19. Experimental and predicted temperature profiles
a "bulb" around the exposed bead. At t % 3 s, the within Fe-20 wt% Mn deposit at - 20 mm above the
surface of the deposit reaches the bulb and a corre- substrate surface. R = 12mm.
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temperature profile at: = 20 mm is superimposed in of magnitude as the thickness of the deposit ; which
Fig. 19 and shows good agreement with the experi- forms before the development of the partially liquid
mental data. The local solidification time recorded by layer (7 I mm). Therefore the lack of a partially
the thermocouples is in good agreement with model liquid layer is associated with porosity and poor
predictions in Fig. 19 and substantiates the validity of microstructural homogeneity within the deposit.
the model. The cooling rates are in agreement with With increasing radial distance from the spray axis,
previous measurements of the cooling rates in the deposition rate decreases and both, :, (predicted
sprayed deposits using embedded thermocouples [24]. from the model) and the thickness of the porous zone

5.2.4. Microstructure. In order to relate thermal (measured from the deposit), increase as shown in
profiles to microstructure, deposits of Fe-20 wt% Fig. 21. At the periphery of the spray where the
Mn were examined metallographically. Representa- deposition rate is always smaller than the heat extrac-
tve micrographs of samples taken 12 mm from the tion rate, a high degree of porosity is maintained
spray axis are shown in Fig. 20. The initial zone at throughout the thickness of the deposit.
the bottom surface has a fine martensitic structure Above the initial zone .,, the microstructure is
consistent with rapid quenching by the substrate, homogeneous and comprises individual grains with
Fig. 20(a). There is also evidence of prior particle no prior particle boundaries [Fig. 20(b)]. The density
boundaries that arise from insufficient welding be- of the deposit is typically greater than 99% of
tween the liquid and presolidified droplets arriving at theoretical density and the porosity is isolated and
the substrate. Presolidified droplets result in a high nearly spherical. The porosity can arise from
level of porosity (- 14%) in the deposit, the pores are solidification shrinkage, gas entrapment, insufficient
irregularly shaped and are generally interconnected, liquid feeding or a combination of two or more of the
The thickness of this porous zone is of the same order above. The microstructure consists of austensite and

(c)

05

Fig. 20. Microstructure across the sprayed deposit of Fe-20 wt% Mn showing martensitic plates (in a
and b) and solidification cells (in c).
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Fig. 21. Measured thickness of the initial porous zone in 10im
Fe-20 %,t"o% Mn deposit as a function of radial distance and

deposition rate. Fig. 22. Representative microstructure of Fe-20 wt% over-
spray powders: polished and etched.

hcp t-martensite plates and is similar to con-
ventionally solidified Fe-20 wt% Mn alloys [25. 26]. describe the development of microstructure during
When the optical image is defocussed, the spray deposition via the OspreyM process. Except in
solidification cell size becomes discernible [Fig. 20(c)]; the initial porous zone where , > D. the deposit
cell size was found to increase with deposit thickness, undergoes a process of droplet remelting, grain nucle-
attain a maximum and then decrease towards the top ation and growth followed by solid state coarsening.

of the deposit, Table I. The segregate spacing within The proposed sequence leading to the final micro-

the deposits is the cell size, which is an order of structure of the deposit is summarized in Table 2.

magnitude larger than the dendrite arm spacing in
overspray powders (Fig. 22). 6. CONCLUSIONS

The measured cell sizes were compared with segre- From the model of droplets in flight in the
gate spacings predicted by the following empirical Fr e modelon proes i t i terelationship for conventionally solidified Fe-20 wt%/ OspreyTM spray deposition process. it is predicted
Mn [27] that the velocity of Ni-20 wt% Cr droplets at impactis in the range 40-90 m s for droplet sizes from 20 to

DAS = 150() -  (22) 150pn.
In terms of temperature, the model predicts that

where DAS is the dendrite arm spacing in/pm and the teree of under nre se expoenta

cooling rate t is substituted from the model predic- with increasing droplet volume.

tions. The experimentally measured and the com-

puted values of the cell size are displayed in Table I. The population-based distrbution of droplet sizes
ithe metal spray is bi-modal whereas the mass-

Clearly, the measured values are significantly smaller base setdisr o is gaussan onra lo-omal

than the cell sizes predicted by equation (22). This p a ig distan of 400 mm. th ass-median
suggests that the nucleation density in sprayed depos- plot. At a flight distance of 400 mm. the mass-median

its is greater than the nucleation density in con- droplet diameter varied from 83 mm at the spray axisto 68/pm at the spray periphery. The log-normal
ventionally solidified alloys. Nucleation during spray ta deiat was priely h 7 nal

depoitin ca ocur t tw tyes o sies:standard deviation was approximately 1.75 in all
deposition can occur at two types of sites: csscases.

(a) solid particles from the spray, the number By summation of the enthalpy of individual drop-
density of which can be estimated from the droplet lets at a flight distance of 400 mm. it was foun that
size distribution and the model for droplet tem-
perature profile in flight, and

(b) fragmented dendrite arms generated by the
impact of mushy droplets. This is observed by micro-
scopic examination of the top surface of the deposit.
Fig. 23.

Based on the results of the theoretical and experi-
merital studies described above, it is possible to

Table I. Comparison between predicted and measured cell sizes
Fe-20 wt% Mn

if Measured cell size Predicted cell size
(mm) (s) (Agm) (jum) [equation (22)1l 1 J

20 50 40 115 20gm
40 110 57 140 Fig. 23. Micrograph of a lightly polished and etched top
80 270 79 173 surface of Fe-20wt% Mn deposit showing presolidified
140 20 13 91 droplets and fragmented particles.
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Table 2

lfi rcmtrui tural E olution Etidence

Input to deposit = solid. partially solid and Sprat vimulation model, glass slide
liquid droplets of different t, and temperature erperiments ani patternation

Droplets land onto hot. partially liquid ttodel oI leposit heat transfer and
surface of the deposit twith I, > 0 81 optical pirometer recordings

Solid droplets i <dl retain shape and size on Oherration from glass slide ex'periments
impact. partialhN frozen droplets shatter inter- and morphology of deposit top vurlace
dendriticalls and liquid droplets splat

Liquid wets solid particles Localized heat flow
from liquid to solid particles, leading to \o prior particle boundaries in hulk
1ai Interdendritic remelting of deposit
(b) Solid remelting
Remelting of solid continues until local Difference hetween powder and
temperature equilibrium is achieved Remaining deposit microstructure
solid particles become nuclei for grain growth

Growth of nuclei with attendant drop in local
temperature, until T is reached iend of i. I

Fine grain size due to high nucleation densiI y High densi. of broken dendrites on deposit0 F nnsurface *- bimodal si:e distribution
from droplets remaining after remelting stage Predicted us measured cell sizes

Large t, or low olidification rate I heorettcal and experimental talues
__________________________ _ teretical carndn exper metals

Solid state coarsening of the solidificat iton tensice roarsening in pure tals
s s limited coarsening in alloys with

structure grain boundary precipitates

No partiall liquid laser initiall. Grows rapidly Structure changes rapidly, in initial stages
during deposition until mo.atrii of the deposit lide later forms, and then remains nearty
is mushy IS - LI tonstant due to large t,

Porosit) is related to the lormation of the Thickness of initial porous lacer is D
partially liquid la Ier it e i o

the spray retains -28%4 of the enthalpy in the This suggests that the solidification process in spray
freezing range of the alloy, deposits involves a higher density of nucleating sites.

The dependence of deposition rate on radial dis- The model predictions provide a base to describe
tance from the spray axis is gaussian. The maximum the evolution of microstructure in spray deposits and
deposition rate and radial distribution coefficient to quantify the effects of various process parameters
were determined to be 5.25 mmis and 0.0018 m m at on the resulting structure. The model can be applied
a flight distance of 400 mm. to simulate the build up of different shapes by

From the predicted thermal profiles across the incorporating substrate motion and or motion of the
deposit, and from temperature measurements within metal spray.
the sprayed deposits, it is concluded that the cooling
rates during solidification of the bulk of the deposits Acknowledgements -The authors wish to acknowledge the
are <5-Cis. valuable help of Dr Gerry Gillen. Dr Dan Wei, Suresh

Annavarapu and Professor Roger Doherty dunng the
Except in the initial zone :,, the deposit solidifies course of this research, and thank the Office of Naval

from a partially liquid layer that forms on the surface Research for sponsoring the research project (Contract
during deposition. The layer grows rapidly until a N 0001484-K-0472; NR 650-025).
majority of the deposit is mushy by the end of
deposition (0.9 <f, < 1.0). Inspite of the slow cooling REFERENCES
rates, the deposits exhibit a fine grained. equiaxed I. P. W. Wright, Mater. Design 8, 3. (1987).
microstructure. measured cell sizes are smaller than 2. Net Shape Technology in Aerospace Structures, I-IV,
those predicted for conventionally solidified alloys. National Academy Press, Washington. D.C. (1986),

0



442 MATHUR et al.: ANALYSIS OF SPRAY DEPOSITION

3. D. Apelian. Innovations in Materials Processing (edited do = capillary length (161
by G. A. Bruggeman and V. Weiss). Plenum Press, New d" = largest solidified droplet
York (1983). D = solute diffusion coefficient

4. M. M. Welch. Precision Metal 44. 3 (1986). 6 = deposition rate
5. A. Lawley. Adt'anced Manfng Proc. I, 3 & 4 (1986). DAS = dendrite arm spacing
6. A. G. Leatham. R. G. Brooks and M. Yaman, Modern E, = integral-exponential function

Derelopments in Powder Metallurgy. (edited by E. N. f(d,) = fraction of droplets of diameter d.
Aqua and C. I. Whitman). Vol. 15. Metal Powder Ind. f, = fraction solid
Fedn. Princeton. N.J. (1985). = fraction solid during recalescence

7. A. G. Gillen. P. C. Mathur. D. Apelian and A. Lawley. f= dimensionless undercooling = AT.ATc
Progress in Powder Metallurgy (edited by E. A. Carlson F = force
and G. Gaines), Vol. 42. Metal Powder Ind. Fedn. g = acceleration due to gravity
Princeton. N.J. (1986). h = heat transfer coefficient

8. M. R. Jackson, J. R. Rairden, J. S, Smith and R. W. H = enthalpy
Smith. J. Metals 33, 11 (1981). AHr = latent heat of fusion

9. A. A. Ranger and J. A. Nicholls, A.I.A.A.J. 7, (1969). k = Boltzman constant
10. R. Clift. J. R. Grace and M. E. Weber, Bubbles. Drops K = thermal conductivity

and Particles. Academic Press. New York (1978). L = deposit thickness
1I. G. Dahlquist, A. Bjorck and N. Anderson, Numerical m = mass of droplet

Methods. Prentice Hall, N.J. (1974). N = number of atoms
12. W. E. Ranz and W. R. Marshall. Chem. Engng Prog. 48, Nu = Nusselt number - hd,K

(1952). N, = nucleation density
13. I. Kimura and A. Kanzawa. A.I.A.A.J. 3. (1965). p = Peclet number = Vd., rd.,2D
14. P. Haasen. Physical Wetallurgy. Cambridge Univ. Press Pr = Prandtl number = elo,

(1978). Q = heat flux
15. G. P. Ivanotsov. Growth of Crystals. Consultants r = radius

Bureau Inc.. New York (1958). R = radial distance from spray axis
16. J. S. Langer and H. Muller-Krumbhaar. Acta metall. Re = Reynolds number = Vd/v

26, 11 (1978). S = droplet surface area
17. M. C. Flemings. Solidification Processing. McGraw S' = solidification rate

Hill. New York (1974). t = time
18. M. J. Aziz. J. appl. Phys. 53, 1158 (1982). T = temperature
19. W. J. Boettinger. S. R. Coriell and R. F. Sekerka, t = cooling rate

Mater. Sci. Engng 65, I (1984). AT = undercooling, change in temperature
20. A. R. E. Singer and R. W. Evans. Metals Tech. 10, AT, = undercooling for homogeneous nucleation

(1983). ATr = freezing range of alloy
21. H. Martin. Adtances in Heat Transfer (edited by J. P. V = velocity

Harnett and T. F. Irvine), Vol. 13, Academic Press. New W = width of gas jet at nozzles
York (1977). : = growth axis, thickness

22. L. 1. D. Sully. A.FS. Trans. 84, (1976). 2 = thermal diffusivity
23. R. Mehrabian, Rapid Solidification Processing: Prin- p = angle between the spray axis and droplet

ciples and Technologies (edited by R. Mehrabian et al.), trajectory
Claitor's, Baton Rouge, La (1978). c = emissivity

24. B. P. Bewlay and B. Cantor, Rapidly Solidified Materi- 7 = surface energy
als (edited by P. W. Lee and R. S. Carbonara), p. 97. ;, = distance between gas nozzles and substrate
Am. Soc. Metals. Metals Park. Ohio (1986). P7= dimensionless thickness = . L

25. Y. Tomota, M. Strum and J. W. Morris, Metall. Trans. v = kinematic viscosity of gas
17A, (1986). 0 = thermal supersaturation = (T, - T),AT,

26. Y. Tomota, M. Strum and J. W. Morris. Metall. Trans. p = density
18A, (1987). r = stability parameter = 0.025 [161

27. H. Jones. Rapid Solidification Processing: Principles and a = Stefan-Boltzman constant
Technologies (edited by R. Mehrabian R. et al.). = fraction of heat in the freezing range, equa-
Claitor's, Baton Rouge, La (1978). tion (19)

28. Thermophysical Properties of Matter. TPRC Data Se-
ries, Purdue Univ. Plenum Press. New York (1977). Subscripts

29. R. D. Pehlke et al. Summary of Thermal Properties for a = arrest

Casting Alloys and Mold Materials. National Science d = droplet
Found., NSF/MEA-82028 (1982). den = dendrite

dgv = dendrite growth velocity
e = eutectic
f = freezing

g -gas
APPENDIX I i = initial

I = liquidus
Nomenclature n = nucleation

A = droplet cross sectional area P = particle
b = radial distribution coefficient; equation (20) pl - partially liquid
B = maximum deposition rate; equation (20) r - relative
C = specific heat re - recalescence

CD - drag coefficient s - substrate
d - droplet diameter w = walls of the spray chamber
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APPENDIX II V, initial - 320 m/s

/d initial = 0-10 rn/s (no significant effect on velocity

Values of Specific Parameters used in the Model profile)

-0.4
Physical and thermal properties of Ni-Cr, Fe-Mn T, - ioo0 c
and nitrogen gas were taken from [28] and [291. The Ts - 200'C (at substrate)
values of other parameters are listed below: h, 103 W/m 2!K

Equation (17)
d. = 20-200 um A = 400 mm

7' initial = 25-C W = 20mm
T,-T = 50C (superheat) R = 2.5"W

T. = 50C Re = 8554

• l mm I 0I



Process Control, Modeling and
* Applications of Spray Casting

P. Mathur, S. Annavarapu, D. Apelian and A. Lawley

Spray casting involves sequential drel.2- 4
.6

. 7 Sumitomo Heavy Industries
4 atomization and droplet consolidation Superheat is utilizing the Osprey process in the

at deposition rates above 0.25 kg /s, etmanufacture oflarge diameter rolls.2 6

and at least eight independent process Flow Rate l - stage of The major advantage of spray cast-
parameters must be optimized to the Process ing is that a near-net-shape product
achieve the desired preform shape, Inpndent can be fabricated in a single operation
microstructure and yield. Because ef Gas Process directly from the melt at deposition
fective utilization of spray casting re- Flow Rate Parameter rates in the range of 0.25-2.5 kg/s.
quires control ofthepreform shape with Critcal Metallurgically, the product is charac-metallurgical integrity, there is a com-Type Atomization Dependent

Paramete terized by a uniform distribution of
pelling need to quantify the influence of equiaxed grains (20-200 gm), no macro-
process parameters on shape, micro- Gas scopic segregation ofalloying elements,
structure and overall yield. Coupling Pressure a uniform distribution ofsecond phases,
this knowledge base with appropriate Transfer of low oxide content and the absence of
sensor and control technology estab- Orplet5 (Spray particle boundaries. 24-"' 5 Spray cast-
lishes a means for process control. ing can also be used to produce compos-

INTRODUCTION ite materials by injecting particulates
NNDista into the spray of molten droplets, 2'.4-

Spray casting via the OspreyTM proc- or dispersion-strengthened alloys by
ess is emerging as an attractive tech- stateselective chemical reaction of the drop-
nology to produce near-net-shape lets during flight."8

components of a variety of alloys.'1- 4  State of Successful operation of the Osprey
The process involves the sequential Substrate the Surface process mandates a knowledge of the

* stages of gas atomization and droplet Material. effect of each process parameter on
consolidation on a substrate, as shown S preform shape, microstructure, prop-
schematically in Figure 1. The alloy Tpaturero 

cp
Jemertu erties and yield. This knowledge base,

charge is melted in a crucible located coupled with appropriate sensor and
on top of the spray chamber and exits control technology, provides a means
through a nozzle in the bottom of the St Piferiii to optimize and control spray casting.
crucible. In the atomizing zone, the oIguawin Sofation
stream of molten metal is comminuted PROCES CONTROL
into a spray of droplets using nitrogen Figure 2. Flow chart depicting the indepen- At least eight independent process
or argon gas. Droplets are cooled by the dent process parameters at each interme- parameters (IPPs) must be optimized
gas and accelerated towards the sub- diate stage in spray casting. in the Osprey process. These IPPs, and
strate, which is positioned below the their regimes of influence, are shown
atomization zone. The droplets impinge A variety of preform shapes can be in Figure 2. Each of the IPPs can be
and consolidate on the substrate to producedbymaneuveringthesubstrate directly controlled during the process
form a bulk-net or near-net shape. beneath the spray. Billets or disks of and each affects a number of depend-

Ine 100-250 mm in diameter are manufac- ent process parameters (Figure 3). The
Gas tured by spraying onto a rotating disk relationship between an IPP and pre-

which is inclined to the spray axis and form quality can be simplified by iden-
translated back and forth under the tifying two critical dependent parame-MowS Crucile spray. Disk preforms are being evalu- ters (CDP, and CDP 2) which also are

metal T~ ated by Osprey Metals Ltd.,-' Alcan shown in Figure 2. CDP, the state of
AtorniziS1l (for aluminum-matrix composites),2"-7  the spray just prior to consolidation, is

Gas Go Howmet and General Electric (for characterized in terms of the percent
Atomizer Depost superalloy aerospace applications),89  liquid in the spray, the fraction and

Prlorm Alusuisse and Pechiney (for aluminum size distribution of solidified vs. liquid
Tran sr alloys) and others.10-"4 Spray deposi- droplets, and the spatial distributiontion onto a roller or an endless belt ofdroplet mass across the spray. CDP,

allows strip or sheet to be produced in the physical and thermal state of the
a semi-continuous fashion. 2.6 .5 1 surface onto which the droplets im-
Mannesmann-Demag Htlettentechnik pact, includes the fraction of solid and

substratecan spray strip from 10-20 mm thick, the surface roughness of the deposit.
up to 1 m in width and several meters Optimal values of the two dependent

spray in length.2", Sandvik Steel is produc- parameters must be established in
Chbr ing stainless steel tubing 100-440 mm order to maintain conditions of in-
Figure 1. A schematic diagram of the Os- diameter up to 8 m in length by spray- cremental solidification,"' 1 1 such that
preyT" process. ing onto a rotating, preheated man- the thickness and fraction of solid in

1989 October 0 JOM 23



th e partially liquid layer on the surface --------------------------------------------------- ................
of the deposit are kept constant during a
the deposition process. For example, ifthe spray (and/or the top surface of the MtlDlvr a etMtra
deposit) contains a high volume frac- and Gas Deivery SuperheatePrSueeries
tion of solid (f -v 1), a majority of the L L
droplets will 6 e solidified and no co-
herent deposit will be formed; the
process then resembles powder pro-
duction. On the other hand, spray DroptSizes Initial Dopt
casting is analogous to conventional Atomization S e Velocity
casting if the spray/deposit contains a . . . . . . .
high fraction of liquid (f -v 0). The ..................
"ideal" amount of liquid lies between Gr
these extremes, and the liquid must
flow and fill the interstices between
presolidified droplets. The impinging
droplets must also "stick" to the sur- Dranset To
face of the growing deposit and max- Tansfer of DropletsSr
imize deposit yield. (Metl Sray

Two types of process models may be Flight
employed to describe spray caoLing. In
high-resolution models, the effect of SoidSlayad Rat
each parameter (independent and/or
dependent) on other dependent para- -- ---- -- ----- --- --------- --------------
meters is accounted for by applying Suace Temp.
fundamental scientific theories at each
stage of the process. Accuracy of the icking
results depends upon the degree of Consoation Ei
detail with which the physical and Target
thermal phenomena are described. In Efcec
contrast, low-resolution models employ - ------ ----- --- - - - -- ....
statistical averages of the high-resolu-
tion data, empirical rules and sets of
logical and/or descriptive statements
to formulate the causal relationships
between process parameters and pre- Prer CoolingI s
form quality. In this way, it is possible and Sicat o Ph) rough Substrate
to neglect a large number of the de- I shape
pendent parameters and to simplifyS
these relationships. L Y J

* PREFORM SHAPE . .nde.endentThe shape of the preform is deter- (di~ ins Proess Parameter E Cra Depend t . Final Output of
(irecty contoW . arm....J the Process

mined by the spatial distribution of H Ru High Resolut
droplet mass in the spray, the sticking - oM AviW Mod Not AvaMefficiency of the droplets on arrival atthe substrate, and the motion of the Figure 3. Flow chart depicting the interlinking of independent and dependent process parame-thsubstrate and the m n o e ters at five stages of the process.substrat and/or the spray.

* The flux of droplets (i.e., the deposi-
tion profile) is a maximum at the axis yield on the collector area. On the other adheres is termed the sticking effi-
of the spray and decreases towards its hand, an elliptical deposition profile is- ciency (ni,). Deposit yield and deposi-
periphery; the growth rate of the de- preferred in strip casting to increase tion rate are determined by the prod-
posit (Z = dZ/dt) varies in a similar strip width and uniformity in strip uct of these two efficiencies:
manner. The variation of Z with radi- thickness. This can be achieved by
al distance r) from the spray axis was employing a"linear" atomizer wherein %Yield = ("1 flu. 100 (2)

• found to follow a normal Gaussian the metal delivery nozzle and the sur- The target efficiencydepends upon the
curve:20 -22  rounding gas jets have a rectangular size of the substrate, the shape of the

Z(r) - ex () cross section.2 ' It is also possible to spray, the stand-off distance, the dis-
( (-r) ( tailor the spray to any desired shape/ tribution of droplets within the spray

where Zo is the maximum growth rate deposition profile by the utilization of and the substrate motion. Similarly,
(at the spray axis, r = 0) and 0 is the tertiary gas jets2' and/or magneto- sticking efficiency is governed by the
radial distribution coefficient that hydrodynamic forces (MHD). state of the spray at impact (CDP), the

* governs the spread of the spray. For Only a portion of the droplets in the state of the top surface (CDP2), and the
the Osprey atomizer, Zo and 0 were de- spray reach the substrate/target; this substrate configuration and motion.
termined as -5.25 mn/s and 0.0005 fraction is defined as the target effi- Since the deposition profile (Equa-
mm-2 , respectively, at a distance of 400 ciency of the spray (nl). Furthermore, tion 1) is predetermined by the design
mm below the gas nozzles, only a fraction of the droplets arriving of the atomizer, the substrate and/or

For the production of billets or disk at the substrate stick and contribute to the spray must be moved to achieve the
preforms, it is beneficial to have a deposit growth; the remaining drop- desired preform shape. Optimum val-

* narrow, focused spray to increase the lets bounce off. The fraction which ues of parameters for substrate motion
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(eg. rotation speed, translation speed, 100 100 &- Al
limits of translation, etc.) can be o-A45%Cu
determined a priori by a mathematical I -Ct
model in which the state ofthe spray at &-Al 60 -A-Ni
consolidation is coupled with a model 0- A-4. 5%Cu 0 - Fe
for substrate motion.10 .2' .22 For a given 40 - -Cu 4
substrate (i.e., a disk collector, a tubu- a A-Ni 2lar mandrel or a roller), this model 20 - oFe 20

selects a location P(x,y) on its surface .
and computes thickness duringdeposi- 0 600 800 1000 0 100 200 300 40
tion. The calculations are then repeated Drple Diame (m Flight Distac (mm)
for different locations which are de- b
fined by a grid on the substrate str- Figure 4. (a) Extent of droplet solidification vs, diameter for five alloys, using nitrogen gas for
face. The magnitude of the increment atomization. (b) Predicted variation of the percentage of liquid in the spray with flight distance
of thickness (AZ) during each time step showing effect of material properties, using nitrogen gas for atomization.
at any substrate location P(x,y) is
governed by the radial distance (r) extent of solidification of droplets at a stage of flight (0 < X < 25 mm) is due to
between P(x,y) and the axis of the spray flight distance of 400 mm is plotted in the release of superheat and to under-
(Equation 1). If the substrate is sta- Figure 4a for droplets of Al, Al-4.5Cu, cooling of the droplets prior to solidifi-
tionary, the value of r is constant dur- Cu, Ni and Fe. Thejuxtaposition ofthe cation. Thereafter, the solidification
ing the entire deposition cycle. If the curves indicates that alloys with high rate reaches a maximum beyond a
substrate is non-stationary, r changes meltingpoints (e.g., iron) solidifyfaster distance ofabout50 rm, then decreases
with time depending upon the motion than those with low melting points monotonically with flight distance. Of
imparted, (i.e., on the locus of P with (e.g., AI-4.5Cu) due to a greater dif- the material parameters, the melting
respect to the spray axis). Models to ference in temperature between the point (T.) and the value of H F [H F =
predict preform shape are now utilized metal and atomizing gas. heat in the freezing range of the alloy
for spray-cast disks, tubes, billets and/ From the figure, the condition of = latent heat (Hr)+ specific heat(Cp.%Tr)]
or strip.22.2s-27  droplets arriving at the deposition have the most significant effect on the
P surface (CDP) can be characterized. thermal condition of the spray. This is
PREFORM MICROSTRUCTUR Droplets of a diameter less than the evidenced by copper, which solidifies
Grain size is a primary index of mi- critical value d* are completely solid- most rapidly since it has the smallest

crostructure in spray-cast material. ified upon impact (the percent liquid in value of Hm (Figure 4b). Aluminum
Prior research20 .2 1 suggests that grain the droplet (%L,) a 01. Typically, d* is and Al-4.5Cu possess high values of
size and segregate spacing in spray- predicted to be in the size range of HFR and a low T., and solidification is
cast preforms are determined by the 30-125 gm, and it increases with the significantly slower than in the other
condition of the spray at impact, the increasing melting point of the alloy, materials.
spatial distribution of solid particles This corresponds to a large fraction of During deposit build up, the effec-
after impact, and the time required for presolidified droplets due to the bimo- tive spray height decreases with time
complete solidification of the preform. dal population distribution.20 Droplets and this results in a corresponding
In addition, the level and distribution with diameters greater than d* impact increase in the enthalpy or amount of
of porosity is a sensitive measure of the deposition surface in a "mushy" liquid carried into the deposit (Figure
processing conditions, condition with varying fraction of liq- 4b). Therefore, to maintain uniformity

* Condition of Spray at Impac uid. These droplets comprise a solidi- in deposition conditions, it is neces-
fled dendritic skeleton, as observed sary to continuously increase the dis-

The state of the spray is described by from interception of droplets in flight tance between the substrate and the
the velocity and extent of solidification on glass slides.21 Droplets greater than point of atomization (at a rate of Z)
of droplets prior to impact. Due to the about 300 gm in diameter for aluminum to maintain a constant spray height at
microscopic size ofthe droplets and the and 900 gim in diameter for the other the deposition surface.
time scale of events occurring during metals arrive at the deposition surface Spatial Distribution
droplet flight, mathematical modeling in a completely liquid state.
has been employed to predict the van- In low-resolution models, it is ad: The spatial distribution of solid
ation of droplet velocity, temperature vantageous to combine the condition of particles after impingement is strongly
and extent of solidification with flight individual droplets and, atthe expense dependent upon their spatial distribu-
distance. °- 1 ,24. "29 Sample results of of resolution, derive average values tion in the spray prior to impact, and
the models20-2 22 ' are provided in Fig- which represent the state of the spray upon secondary effects such as droplet
ure4. Droplet velocitiesatonsolidation at a macroscopic level. For example; fragmentation and bounce off. While
are predicted to be in the range of quantitative data on these phenomena
10-100 m/s, depending primarily upon %L.pra (X) are currently lacking, glass slide ex-
droplet mes. Limited experimental l- f(dX)]. P(d,). 10C (3) periments have provided evidence that
measurements' 1-30-31 have shown that the mode of deformation of the droplets
the predicted velocity profiles are cor- where %L is the percentage of liq- upon impact depends primarily upon
rect, at least within an order of magni- uid in the sp]"ay at flight distance X, f. the extent of their solidification.2

tude. With the current state of the art, is the fraction solid in a droplet of Small, fully solidified droplets undergo
however, it is not possible to precisely diameter d,, and P(d,) is the weight minimal deformation upon impact and

* measure the velocity of a single droplet fraction of droplets in the size range d, have a spherical morphology with
since both velocity and diameter of the to d.V The predicted variation of smooth surfaces. Largerdroplets which
droplet must be measured simultane- %L,, with X is plotted in Figure 4b are only partially solidified fragment
ously along the flight trajectory. for the five alloys under a fixed set of along interdendritic regions, while

Droplets cool during flight by losing parameters in order to compare the droplets which are fully liquid spread
heat to the surrounding gas via forced effect of material properties. The shal- radially and splat3 2 on the glass collec-

convection and radiation. The predicted low slope of the curves in the initial tor plate.
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Preform Solidification and Cooling coefficient at the deposit substrate Atomization

In order to effect complete solidifi- interface are at their maximum of Spray
cation, a total amount ofheat, Hs(Hs= -10 s W/(m2.K) at the start of deposi- Axis
C AT, + H R) must be removed from tion and decrease to -500 W/(m 2 K) Spray
the metal, where C, is the specific within a few seconds.2 This decrease Heghtheat, AT is the melt superheat at at- is attributed to the formation of an "airomization and H is the heat con- gap" between the deposit and the sub-
tained in the freezing range of the alloy strate due to contractional stresses
(Figure 5). The amount of heat which upon solidification. Similarly, the heat H"
must be removed after deposition in transfer coefficient for the gas cooling Heat Flux Profile
order to complete the solidification is at the top surface of the deposit is
given by Hrem: estimated to be about 200 W/(m 2.K).4 D

Sample predictions of the contin- Mass,.(X) = (CPAT, + HFR) - uum model are shown in Figure 7 for
Hg,.(X) (4) the spray deposition of an Al-4.5Cu

where X is flight distance and H disk. Deposition was carried out using
represents the amount ofheat removI a water-cooled, circular substrate
by the gas during flight (Figure 5). which was simultaneously rotated and 0translated under the spray to achieve OW - "
Continuum Models a cylindrical preform. The "deposition ---------

Two approaches have been adopted line" in Figure 7a is the predicted. . - "
to calculate the solidification time (tr) growth of thickness at the center of the
required to remove H,.. from the pre- circular substrate. This variation of ""
form. In the continuum model ap- thickness with time depends upon the ----- ....--- - -.- r-----
proach, 20 - 2 .2 6.33 tr is computed by a locus of the disk under the spray and-
macroscopic energy balance between was derived from the model to predict
the heat influx from the spray (H,.m), preform shape. The disk grows to a
the mass influx (Z), the heat extracted height of -70 mm during 40 s of depo- 0
by the substrate (Q ), and the heat ex- sition and remains at a constant height
tracted by the atomizing gas (Q ). This thereafter. _ _ Droplet
is shown schematically in Figure 6a. A The isothermal lines in Figure 7a
moving boundary transient heat con- provide the variation of temperature t
duction equation is solved numerically and volume fraction of solid (f,) in the
to obtain the enthalpy, temperature disk along its height as a function of
and fraction of solid within the volume time. During deposition (i.e., the first
elements as a function of time.20 -22  40 s), the top surface of the disk is 0ax)
Measured values of the heat transfer hotter and contains a smaller fraction

of solid than the bottom due to the
%L. 100% - H - HFR + AT, influx of heat and mass from the spray.

Once deposition is completed, the top
G Gosurface begins to cool and solidify rap-

0/l. - 100% 4 H HFR + C ,AT, idly due to gas cooling at the top sur-
Mas Distro face, and the last liquid to freeze is at

a height of -45 mm above the sub- Substrate
no H.strate surface. The interval between .

H9S ." the deposition line and the f, = 1 con-
Lqid tour is a measure of the local solidi-

fication time (td. The bulk of the diskFully Soli-- Parially Solid preform solidifies over a period of 70-o P100s and cools at more than 20*C/s.

Thus, the solidification process in spray20% < %Lt < 100% H" HF+ Cp A1; - HIM casting occurs in two stages: a majority
C, - Speofic Heat FR a Freezing Range of the solidification occurs in flight
H = Enthaipy %1. * %liquid under conditions of rapid solidification b
0 - Heal Extraction rem - Remaiing and the fraction of the liquid (10-40%) Figure 6. Schematic diagrams showing the
T = Temperature AT, - Superheat which is carried into the deposit un- (a) continuum and (b) discrete-event ap-

a dergoes relatively slow cooling. There- proaches to the modeling of preform growth

00 fore it is desirable to maximize heat re- and solidification.
,J Tm  moval during flight to the extent that mental solidification.i

,_2- the amount of liquid carried into the Grain size and segregate spacing in
%L- 0 deposit is just sufficient to consolidate the preform are larger than those in

the presolidified droplets. The partially atomized powder but smaller than the
liquid layer (f. < 1.0) on the surface of values based on empirical correlations
the preform is considered beneficial to of dendrite arm spacing and cooling
the microstructure of the spray-cast rates predicted by the continuum

H .Qg_- a preform, because the resultant increase model:20 .34 -36

in local solidification time allows fluid
to flow into the interstices between d = do exp(tr) = d1 exp(T)"(5)

Figure 5. Schematic representation of way presolidified droplets. However, the where coefficients do and d, and the
casting showing the physical and thermal thickness of the layer must be con- exponents m and n, are dependent on
states of (a) the spray and (b) the deposit. trolled to maintain conditions ofincre- the material. Although the predicted
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7 600 the formation of a pronounced initial
6 57 chill layer approximately 1 mm thick,

U 5Wwith attendant porosity of roughly
... 10-15%. Heat extraction decreases5 .0.83-8 after 1-2 s due to the fcrmation of an

4 air gap between the deposit and the
ro 475 substrate. A refractory substrate de-
3creases the level of basal porosity due

450 to its lower thermal conductivity. The
251 549 42 Tp-urac heat transfer coefficient at the interface

40- Bottom Surac may be controlled by coating the sub-
1,_ 375 -strate surface with a non-conductive

material (e.g., boron nitride). The heat
0 35000 flux into the substrate can be decreased0 20 40 60 80 100 120 140 o 20 40 60 80) 100 120 140

Time (S) Tme (s) by preheating the substrate; this ap-
e b proach is being utilized in the manu-

Figure 7. Predictions of the continuum model for an AI-4.5Cu disk, 120 mm in diameter. The facture of strip and tube.

substrate, rotating at 200 rpm, was water-cooled to maintain a temperature of 250C, and the APPLICATIONS
spray temperature was 6000C. The translation speed was 20 mim/s; deposition lasted 40 s. (a) Strip Casting
Thermal profiles in a disk preform. (b) Variation of temperature at the top, middle and bottom
locations in the disk during spray deposition. The trend in steelmaking is to move

away from a capital-intensive struc-
grain size follows the same trend as corresponding to the formation of the ture towards flexible manufacturing
the experimental data, 2

0
.33 36 it is higher partially liquid layer. processes to obtain higher added value.

in magnitude by a factor >2. This over- Degree of Porosity Droplet consolidation processes are
estimate of the grain size and/or segre- unique since, in principle, they elimi-
gate spacing from such equations may The predicted values of %L ,. upon nate casting as an independent step in
be due to the two-stage solidification deposition are in the range of 10-40%. the process. Savings via spray casting
process in spray casting, retarded This suggests that only a small frac- fall between the extremes of thin slab
coarsening of the dendrite arms at a tion of liquid is required to consolidate and strip casting and are $30-40 per
high volume fraction of solid,37 and the presolidified droplets during depo- tonne because of the elimination, in
nucleation by presolidified droplets sition, and that the mechanism of part, of the hot rolling step. In addi-
from the spray. Thus, from a knowl- droplet consolidation in spray deposi- tion, the manufacture of thin sections
edge of temperature alone it is not tion resembles liquid-phase sinter- of laminates and of particulate-rein-
possible to predict the grain size in the ing.39.40 Therefore, the level of porosity forced strip is possible.

* preform. in the preforms is determined primar. Initial studies' 1- 3 were based on the
ily by a balance between the solid/ pioneering spray rolling efforts at the

Discrete-Event Models liquid ratio being deposited and by the University of Swansea by Leatham
The non-continuum modeling ap- packingefficiencyofthe solid particles. and Singer on Al-Zn, copper and steel

proach to preform solidification is a The effect of physical and thermal alloys with a rudimentary spray form-
more recent development. 5 36 Unlike properties of the substrate on preform ing unit. At Drexel University, the
the continuum mode.,, the non-contin- characteristics is a strong function of effects of processing parameters on the

* uum, discrete-event models assume the degree of contact between the two. structure and integrity of spray-cast
deposit growth occurs in discrete steps If the surface is smooth and the degree steel strip are being investigated.15.1 6 2 5

by the addition of splats (Figure 6b). of contact is poor, the thermal proper- For a standard atomizer geometry, the
Individual droplets impact on the pre- ties of the substrate have minimal ef- strip exhibits non-uniformity in trans-
existing surface and spread to form a fect on preform solidification. Metallic verse thickness because of the Gauss-
splat in microseconds.32 ,37 3 8 The splat substrates (e.g., copper or steel) pro- ian mass flux within the spray. The as-
then cools and solidifies via conduction duce a high rate of heat extraction in spray-cast steel strip exhibits equiaxed

* through the bottom surface and con- the initial stages of deposition due to grains with an average size of 100-200
vection at the top surface. This contiri- good thermal contact; this results in gim; the primary reason for the coarse-
ues until the next droplet arrives after ness of the as-cast structure is the
a time interval 8t between successive 1,470 absence of second phase particles to
impacts. Drawbacks of the discrete- I curtail grain growth and coarsening
event model are that it is computa- -- t,10 during solidification. Hotconsolidation
tionally intensive and that there is 1 00 TO, (at small reductions) and concurrent
uncertainty in the values of input pa- recrystallization yield a refined,
rameters (e.g., splat thickness and in- 0 Nw-Cauum equiaxed, ferrite-pearlite structure.2 3

terval between splats). Model I i of u Compared to the dendritic structures
A dirct omparison of the predic- 7 ~ Pa Mlly LOAer obtained via thin-slab and thin-strip

tions of the two formulations (discrete- mow casting, the microstructure of the
event and continuum) for the top sur- spray-cast strip is decidedly superior.
face temperature under identical con- 0Under license, Mannesmann Demag
ditions is shown in Figure 8. Both 0 .1 02 03 is working on a commercial-scale pilot
models predict the formation of a par- plant study of steel strip. The restric-
tially liquid layer after a short time Figure 8. Comparison of continuum and dis- tion on strip width with standard at-
interval of the same order, and the crete-event model predltions under idft- tin on th withtandardnat-

cal processing conditions for plain carbon omizers, and the limitation of non-
predictions appear to converge within ssl. Deposit surface tempeature i ploted uniformity of strip thickness, have been
about 0.5 s. Implications are that the as a function of time. T, Is the eutectic overcomeviadevelopmentandimplem-
predictions of the continuum approach temperature, and the spray temperature was entation of a "scanning" atomizer
are reasonable and valid after a time 1,4706C. (Figure 9). In a parallel development,
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Scanning the feasibility of using the process to tion of steel by methane, and the for-
CoAtomizer manufacture superalloy disks for air- mation of in-situ dispersoids such as

craft applications and ceramic-particu- A120 3, ThO 2 or Y2O 3. The mechanism
Strip late-reinforced aluminum-alloy corn- of oxidation of a droplet in flight is

posites for the automotive industry, divided into five steps: mass transfer
Z___ There is also interest from the produc- in the gas phase, chemical reaction at

Endless Belt ers of high-grade raw materials to util- the gas/oxide interface, mass transfer
ize the process in the production of through the oxide film, dissolution of

Figure 9. Schematic diagram of a scanning large diameter(>300 mm)billets longer the oxide at the oxide/metal interface,
atomizer developed to cast strip steel. than 1 m. Due to limitations on the and mass transfer in the metal. Predic-

diameter of the spray, it may be neces- tions suggest that oxidation in ferrous
Singer assessed spray rolling for the sary to simultaneously spray via mul- alloys may be limited by mass transfer
manufacture of steel strip and a corn- tiple nozzles to achieve the desired in the gas phase and/or chemical re-
pany has been set up to investigate billet diameter and production rates. action at the gas/oxide interface. 8

this approach. 44 Notable among others In order to control the shape and
involved in the development of this integrity of the disk, it is necessary to ACKNOWLEDGMENTS
technology is NKK Corporation, which coordinate substrate motion with the The authors acknowledge support ofis investigating spray rolling using shape and mass distribution in the the work on spray casting from thetertiary gas jets to obtain a uniform spray. Small imbalances in these pa- Office of Naval Research (contractmass flux profile.' Olin"s recently rameters result in non-uniform edges, 00014-84 K-0472) and the National
acquired a license from Osprey Metals and hot tearing may be encountered at Science Foundation (grant no. MSf-
to manufacture copper strip. the center of the disk if the parameters 85i904 7)

The principal obstacles to commer- of translation are improperly set rela-
cialization of the spray casting route tive to the spray. There is often a bot- ABOUT THE AUTHORS
are the inferior quality of the top sur- tom layer (-1 mm thick) comprising-a
face of the strip, the occurrence of high degree of interconnected porosity Pravin Mathur received his Ph.D. in ma-
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ABSTRACT

0 Spray casting (e.g. the OspreyM process) is emerging as an attractive technology to produce net or
near-net-shaped components of a variety of materials. The process involves sequential atomization and
droplet consolidation at deposition rates in excess of 0.25kg/s. In this way, it is possible to directly
fabricate disks, billets, tubes and strips/sheets by suitable maneuvering of the substrate under the spray
of droplets. This paper is a review of technological and scientif,- aspects governing the shape,
microstr,.cture and yield of the preforms produced via spray casting. It addresses phenomena during

droplet atomization, transfer of droplets in the spray, droplet consolida: on at the substrate, solidification
of the consolidated material, and shape/geometry of the preform produced. The knowledge base
evolving from this analysis, in conjunction with appropriate sensor and control technology, provides a

means to optmize and control the Osprey process.

1. INTRODUCTION

In response to increasing global competition, major changes in manufacturing philosophy are taking place
* within the materials processing industries. The traditional strategy of utilizing high plant capacity and

mass production is now being replaced or complemented by flexible manufacturing methods. This new

climate has resulted in a strong interest in net- or near-net shape manufacturing (NNSM) processes
which are materials and energy efficient. Experts predict that NNSM practices will increase yields,

* improve efficiency, enhance product quality and generate higher profits [1.3]. The primary incentive is
cost reduction, achieved by circumventing intermediate steps in the production process.
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Spray casting is emerging as an attractive technology to produce net or near-net-shaped components of
a variety of alloys. In principle, spray casting consists of sequential atomization and droplet
consolidation. Currently there are two approaches to spray casting: the Osprey' Process (4-61 and
Liquid Dynamic Compaction (LDC) [7-9]. The primary difference between the two processes is in the
mode of atomization; LDC utilizes high velocity pulsed gas jets from an ultrasonic gas atomizer (USGA),
while the Osprey process uses a patented gas atomizer of conventional design. Low pressure plasma
spraying/deposition (LPPD) [101 is another technique of droplet consolidation, wherein the starting
material is in the form of solid powder particles. Upon injection into the hot plasma, the particles melt and
impact a substrate to form a deposit. The rate of metal deposition in LPPD (0.2-0.5 kg/min. in R. F.
plasma and 0.5-1.0 kg/min. in D.C. plasma) is significantly lower than in spray casting processes (10-150
kg/min).

1.1 The Ospreyf Process

Since the pioneering work of Singer in the eary '70s on spray casting [11-131, the first (and only) viable
process for bulk fabrication of spray cast preforms was developed by Osprey Metals Ltd. (4-6,14,15].
Initial efforts were targeted towards the production of preforms suitable for subsequent hot forging into
finished shapes. Today, the Osprey process is being investigated to abricate disks, billets, tubes and
strips/sheets on a commercial scale.

The Osprey spray casting process is shown schematically in Fig. 1. Specific designs of the Osprey unit
may vary depending on the size and geometry of preform being fabricated, however, the essential
components of any Osprey unit include: (i) a melting and dispensing unit, (ii) a gas atomizer, (iii) a spray
chamber, (iv) a substrate mechanism, (v) control panels for the atomization and substrate motion, and
(vi) a gas distribution system [4,5,15]. Typically, the alloy charge is melted in a crucible located on top
of the spray chamber, Fig. 1. During melting, the chamber is purged with inert gas and an over pressure
of gas is also fed into the sealed crucible to prevent oxidation of the melt. When molten, the alloy exits
through a refractory nozzle in the bottom of the crucible at a superheat in the range 50-1500C. In the
atomizing zone below the crucible, the stream of molten metal is comminuted into a spray of droplets by
the atomizing gas; either nitrogen or argon is used for atomization at a pressure of 0.6 to 1.0 MPa. In the
metal spray, the droplets are cooled by the atomizing gas and accelerated towards the substrate
(collector) which is positioned at a suitable distance (2! 400mm) below the atomization zone. The droplets
impinge and consolidate on the substrate to form a near-net shaped preform.

2



A variety of preform shapes can be produced by appropriate maneuvering of the substrate beneath the
spray [4,5,15], Fig. 1. For example, Sandvik Steel in Sweden is producing stainless steel tubing of 100-
440mm dia. and up to 8m in length by spraying onto a rotating, preheated mandrel [15,16]. Similarly,
Sumitomo Heavy Industries in Japan is utilizing the Osprey process to manufacture large diameter rolls.
Billets/disks of 100-250mm dia. are produced by spraying onto a rotating disk collector which is inclined to
the spray axis and translated back and forth under the spray. Disk preforms are being evaluated by
Osprey Metals Ltd. [4-6,14,15], by Alcan, Pechiney and Alusuisse for aluminum alloys [15,16], and by
Howmet and General Electric Corporation for Ni-base superalloys [17,18]. Spray deposition onto a roller
and/or an endless belt allows strip to be produced in a semi-continuous fashion [19,20,4]. A majority of
the current production and development of strip and sheet products is being conducted by Mannesmann-
Demag HOettentechnik who have spray deposited strip in the thickness range 10-20mm, up to 1 m in width
and several meters in length [4,15,21]. Numerous other investigations have assessed the viability of
spray casting as an alternative to currently employed material processing routes; however only a limited
number of results have been published [22-26].

The major advantage of spray casting is that a fine grained, near-net shaped product can be fabricated
in a single operation directly from the melt at deposition rates in the range 0.25-2.5 kg/s. Metallurgically,
the product is characterized by a uniform distribution of fine, equiaxed grains (204m-200j.±m), no
macroscopic segregation of alloying elements, uniform distribution of : 1cond phases, low oxide content
and the absence of particle boundaries [4-6,14-18,22-26]. The prefc-rns can be thermo-mechanically
treated and their mechanical properties are isotropic and at least comparable to products of conventional
processes. Spray casting can also be used to fabricate composite materials by injecting particulates into
the spray of molten droplets [4,6,14-16], or to fabricate dispersion-strengthened alloys by selectively

reacting the droplets during flight 127].

2. TECHNOLOGICAL ASPECTS

Despite the apparent attractiveness of spray casting as a NNSM process, the materials processing
industry has been slow to implement it on a commercial scale. Economic viability dictates that the

process will compete in the manufacture of high technology materials where the components must not
only have the final shape needed, but they must also meet stringent property requirements.
Reproducibility and reliability of the final component mandates adequate knowledge of the effect of each
process parameter on the shape, microstructure and yield of the preform produced. To date, these
variables have been optimized on the basis of trial and error from which empirical relationships have been

* 3



derived; this approach is labor and/or cost intensive and must be repeated for different materials being
sprayed.

At least eight independent process parameters (IPPs) must be optimized under the current mode of
operation of the Osprey process to achieve the desired preform shape with accompanying metallurgical
integrity. These IPPs, and their regimes of influence in the Osprey process, are shown in Fig. 2. The
relationship between any IPP and resultant preform quality can be simplified by identifying two critical

dependent parameters (CDPs) which are shown schematically in Figs. 2 and 3 :

CDP 1 : The state of the spray just prior to consolidation. It is characterized in terms of %liquid in the
0 spray (%L), the fraction and size distribution of solidified vs liquid droplets, and the distribution of droplet

mass in the spray.

CDP 2 : The physical and thermal state of the surface onto which the droplets impact; this includes the
fraction of solid and the surface roughness of the deposit.

It is envisaged that IPP1 through IPP6 in Fig. 2 combine and entirely determine CDP 1 . Similarly, the
parameter CDP 2 is entirely determined by CDP 1 , IPP7 and IPP8 . Knowledge of the optimal values of
CDPs 1 and 2 will simplify the control scheme, and their values will depend upon the specific application.
For example, the primary criteria for strip production are uniformity in >ickness across the width of the
strip (<2% variation in thickness) and minimization of surface-connec: -d porosity. Hence the shape of
the spray and parameters of substrate motion/temperature are most mportant. Manufacture of bulk
preforms such as disk or billet necessitates close control over the top sjrface temperature and thickness
of the partially liquid layer in order to maintain conditions of incremental solidification [28,5]. Thus the
amount of liquid in the spray at impact must be carefully controlled (Fig. 3) : if the spray contains a high
fraction of solid upon impact (%L->0), a majority of the droplets will be solidified and no coherent deposit
will be formed; the process will then resemble powder production. On the other hand, spray casting will be
analogous to conventional casting if the spray contains a high fraction of liquid at impact (%L->100).
The "ideal" fraction of liquid is a value in between the two extremes cited above and must contain
sufficient liquid to flow and fill the interstices between presolidified droplets. In addition, this ideal fraction
of liquid must ensure that the impinging droplets "stick" to the surface of the growing deposit and
maximize deposit yield.

Preform yield is dictated by the product of two efficiencies : (i) target efficiency, 11t, which represents
the fraction of droplets arriving at the substrate surface, and (ii) sticking efficiency, 1i5, which
represents the fraction of droplets which adhere to the surface and contribute to preform growth. These
factors are addressed in §3.3.1. The shape or geometry of the preform is determined by the combined
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effects of (i) the spatial distribution of droplet mass in the spray, (ii) the sticking efficiency of the

droplets on arrival at the substrate, and (iii) motion of the substrate and/or spray. This is discussed in §

3.3.2. Finally, the microstructure in spray cast preforms is determined by (i) the condition of the spray at
impact, (ii) the spatial distribution of solid particles after impact, and (iii) the time required for complete

solidification of the preform. Preform yield, shape and microstructure must be controlled during the spray
casting operation, however, the difficulty of process control is magnified by:
(i) the complex interdependencies between independent process parameters (e.g. melt superheat,

atomizing gas pressure .... ) and the dependent variables (e.g. droplet size distribution, droplet

temperature profiles, preform density and microstructure .... ), and
(ii) the need for sophisticated, non-invasive sensors due to the microscopic size of the droplets and the

time scale of events which occur during the process.

3. SCIENTIFIC ASPECTS

In this section, the intermediate stages of the process are analyzed and a scheme is developed to relate

the IPPs to the CDPs and subsequently to preform integrity in terms of yield, shape and microstructure.
A "standard" set of independent process parameters is selected for the analysis based upon current

* operating conditions of the Osprey process on a pilot scale; this set is :ed in Table I and it is utilized as

a benchmark for all comparisons.

3.1 Atomizatlon

The size distribution of atomized droplets is an important dependent parameter in spray casting since it

governs the remainder of the deposition process. Typically, the mass-median droplet diameter is in the

range 40-120pgm depending upon the material and process parameters used, and the log-normal standard

0 deviation is in the range 1.75-2.25.

Prior attempts to predict the size distribution of atomized droplets have met with limited success due to

the complexity of the disintegration process (29-331. Furthermore, the mean droplet sizes predicted by a
* fundamental analysis such as Bradley's [32] are not in satisfactory agreement with experimentally

measured values. Therefore, it is convenient to determine the size distribution experimentally by

collecting solidified droplets from the spray (by removing the substrate) and subjecting them to a size

analysis (34,16,35]. Data on droplet sizes can then be correlated to the material and processing

0 parameters during atomization by Lubanska's empirical relationship (33]:
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dm = KL D [ (1+1/GMR) (Urn / ,g) (1/We)] mL = 13.0 3  .... (la)
We= Pm V2 D/YLv .... (lb)

where dm is the mass-median droplet diameter, a is the standard deviation of the log-normal droplet size
distribution, KL and mL are constants specific to atomizer design, 0 is the diameter of the metal stream,
GMR is the ratio of gas : metal mass flow rates, U is the kinematic viscosity, We is the Weber number, V
is the gas velocity and yLV is the surface tension of liquid metal. The atomizer-specific parameters KL
and m in Eq. (1) were found to be - 100 and 0.5, respectively, for the Osprey atomizer. This correlation
facilitates computation of dm and a under different processing conditions when experimental , :a is
unavailable. dm can be decreased by increasing the melt superheat or gas:metal ratio, while substitution
of argon in place of nitrogen as the atomizing gas is found to produce no significant effect on the droplet
size distribution. Knowing dm and a, the probability of finding a given droplet size, P(di), for a log-normal

distribution is given by [36]:

P(di) = 1/(- 42"x.a). exp { (-1/2G2).log(didm)} .... (2)

3.2 Transfer of Droplets (Metal Spray)

The metal spray comprises hot metal droplets surrounded by a gh velocity gas jet. The gas
accelerates and simultaneously cools/solidifies the droplets during their flight towards the substrate, Fig.
3. The shape of the spray can be approximated by a cone whose apex Is at the point of atomization and
its base is a circular area over which the droplets are deposited.

3.2.1 Droplet Velocity: Upon atomization, each droplet is accelerated towards the substrate by the
surrounding high velocity atomizing gas. Therefore, the velocity of each droplet increases with flight
distance until a point in flight when the droplet velocity equals the velocity of the decaying gas jet.
Beyond this flight distance, the droplet will travel faster than the gas and consequently it will be
decelerated.

* The velocity profile of droplets in flight has been modeled by several investigators [37,38,9,13,39-41).
Most of these models are based on the expression by Ranger and Nicholls [421 derived from the
momentum equation for the acceleration of water droplets in air:

dVd 1 2
F a m - a - Ac +mg .... (3)
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where F is the force on the droplet, m is its mass, Vd is droplet velocity, CD is the drag coefficient, Pg iS
the density of the gas, Vr - jVg - VdI is the relative velocity between the gas and the droplet, A is the
droplet's cross sectional area, and g is the acceleration due to gravity. Data for the gas flow field is
available in Refs. [43-45,40,46] and the expression for the drag coefficient is adopted from Ref. [47].

Droplet velocities just prior to consolidation at a flight distance of 400mm are displayed in Fig. 4 for
droplets of Al, AI-4.5%Cu, Cu, Ni and Fe; these were calculated from the model described in [37,38,35].
Depending primarily upon droplet mass, the velocities at consolidation are in the range 10-100m/s. The
curves are bell-shaped because droplets smaller than a critical diameter (a) have reached their peak
velocity and are being decelerated by the gas, while droplets with dia. > A are accelerating in flight. The
value of A increases with increasing flight distance and is a function of droplet mass (hence the curve is

shifted to the right for Al).

Limited experimental measurements to date [46,48,49] have shown that the predicted velocity profiles
are correct at least to an order of magnitude. However, with the current state-of-the-art, it is not
possible to precisely measure the velocity of a single droplet since both velocity and diameter of the
droplet must be measured simultaneously along the flight trajectory.

3.2.2 Droplet Temperature/Extent of Solidification: The variation o 3 droplet's temperature with flight
distance can be divided into four stages, as shown schematically in Fig. 5(a). Upon atomization at flight
distance X-0, the liquid droplet is at a temperature Ti (= TL + ATs), where TL is the liquidus
temperature and ATs is the melt superheat. In Stage I, the droplet cools primarily by losing heat to the
surrounding gas via forced convection. Therefore the cooling rate is governed by the convective heat
transfer coefficient, hg, which in turn is a strong function of the difference in velocity between the droplet
and the gas [501:

hg Kg(2+0.6ReO.SprO. 33)(Cg(avg/Cg)O.26/d .... (4a)

Re * d Vr/v .... (4b)

where Kg is the thermal conductivity of the gas, Re the Reynold's number, Pr the Prandlt number, Cg is
the specific heat of the gas, d is the droplet diameter, Vr is the relative velocity and v is the kinematic
viscosity of the gas. Knowing Vr from the droplet's velocity profile, the value of h is computed from Eq.
(4) and it is employed in a simple heat balance to predict the variation of droplet temperature with flight

distance [37,38,9,5,391:

* dTd/dt a GMR • hg As (Td - Tg) / Cp .... (4c)
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where T is the temperature, t is time, GMR is the ratio of gas:metal mass flow rate, As is the droplet's

cross-sectional area, Cp is the specific heat of the droplet and the subscripts d and g refer to the droplet
and gas, respectively.

The liquid droplet continues to cool in Stage I until the nucleation temperature Tn (= TL - ATn) is
0 reached, where ATn is the degree of undercooling. Droplet undercooling and solidification must be included

in these models in order to provide a realistic description of the droplet temperature profile in flight
[37,35,9,391. The dependence of the degree of undercooling on droplet size is given in [37,35]; it is found

that the degree of undercooling decreases exponentially with increasing droplet volume.

Following nucleation at Tn, the droplet begins to solidify rapidly (Stage II - solidification during

recalescence). Models for droplet solidification assume that nucleation occurs on the droplet's surface
and a hemispherical solid-liquid interface advances across its volume as a function of time [51-53], Fig.
5(a). The temperature increases during solidification (i.e. the droplet *recalesces) since the release of
latent heat is faster than the rate of heat extraction by the surrounding gas. Recalescence continues

until an arrest temperature is reached close to the liquidus temperature. Subsequent solidification (Stage
III - "normal" solidification) occurs with attendant drop in temperature and is governed by the rate of heat

extraction by the gas. The cooling rate in Stage III may be derived from Eq. 4(c) by introducing an
additional term to account for the latent heat of fusion. Solidifica: on is terminated at the solidus
temperature (or at eutectic temperature for non-equilibrium solidification according to the Scheil equation).
In the final stage of cooling (Stage IV), the droplet cools in the solid state by forced convection and Eq.

4(c) is applicable.

The predicted variation of temperature with flight distance is shown in Fig. 5(b) for three droplets of Al-
4.5%Cu alloy of diameters: dm=59gm, dm/a=37g.m and dm.a=951.Lm. Similarly, the degree of
solidification of each droplet (i.e. % liquid in droplet) is plotted in Fig. 6(a). It is observed that the distance
required for complete solidification increases with increasing droplet diameter. Similar profiles of

temperature and solidification are computed for a number of droplets with diameters in the range dm/3cy

to dm.3a. The extent of solidification of each droplet at X=400mm (i.e. just prior to consolidation) was
selected from these results and is plotted in Fig. 6(b). The juxtaposition of the curves indicates that.
droplets of high melting materials (e.g. Fe) will cool faster than those of low melting materials (e.g. Al-
4.5%Cu) due to a greater difference in temperature between the metal and atomizing gas. From the

figure, the condition of droplets arriving at deposition (400mm below the gas nozzles) can be summarized
as follows:
(i) droplets of diameter less than a critical value d" are completely solidified upon impact (%Ld - 0).
Typically d" is predicted to be in the size range 301gm-125gm for the alloys described, and increases with
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increasing melting point of the alloy. This corresponds to a significantly large fraction of presolidified
droplets due to the bi-modal population distribution [37].
(ii) droplets of diameter greater than d* impact the deposition surface in a "mushy" condition with varying
fraction of liquid. These droplets comprise a solidified dendritic skeleton, as observed from glass slides
[51,35,49].
(iii) only droplets greater than about 300g m for Al and 900lam for the other metals arrive at the
deposition surface in a completely liquid state.

3.2.3 State of the Spray (CDP 1): The models desc ibed above retain the identity of each droplet and
describe the spray on a microscopic scale, i.e. at a high level of resolution. For purposes of process
control, it is advantageous to combine characteristics of individual droplets and, at the expense of
resolution, derive average values which represent the state of the spray at a macroscopic level. For
example, the fraction of liquid in individual droplets may be averaged to determine the ratio of solid :liquid
in the spray (%Lspray in Fig. 3). The value of %Lspray at deposition is a critical parameter in spray
casting (CDP 1). Similar averaging may be carried out with droplet enthalpy and mass, as discussed
below.

(a) % Liquid in Spray and Soray Enthalgy: The fraction of liquid in the spray at any flight distance is
the weighted average of the fraction of liquid in the individual droplets:

n
%Lspray (X) = T [1-fs(dj,X)].P(di).100 .... (5a)

where %Lspray is the percentage of liquid in the spray at flight distance X, fs is the fraction solid in a
droplet of diameter di, and P(di) is the weight fraction of droplets in the size range di to di+1 (Eq. 1).
Summation is carried out from dl - dm/3O to dm.3a in order to cover 99% of the range of droplet
diameters produced during atomization. Similarly, spray enthalpy Hspray is computed by averaging the
enthalpy of individual droplets:

Hspray - I Hd(dl, X).P(di) (5b)

where Hd is the enthalpy of a given droplet of diameter di at flight distance X.

The variation of %Lspray with X is plotted in Fig. 7(a) for five alloys under a fixed set of parameters in
order to compare the effect of material properties. The shallow slope of the curves in the initial stages

* of flight (O<X<25mm) is due to the release of superheat and undercooling of the droplets prior to
solidification. Thereafter the solidification rate reaches its highest level after a distance of -50mm and
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decreases monotonically with flight distance. Among the material parameters, the melting point, Tm, and
the value of HFR*" have the most significant effect on the thermal condition of the spray. This is
evidenced by copper which solidifies most rapidly since it has the smallest value of HFR. On the other
hand, aluminum and AI-4.5%Cu possess high values of HFR and a low Tm; hence their solidification is

significantly slower than the other materials. The influence of process parameters (IPPs), such as the
type of atomizing gas and the gas:metal ratio, is illustrated in Fig. 7(b) for the spray deposition of Al-
4.5%Cu alloy. It is predicted that even a four fold increase in the flow rate of argon is not as effective
as nitrogen in cooling the spray due to its lower thermal diffusivity/conductivity.

The substrate must be positioned at a suitable distance below the gas nozzles (depending upon the
material and process parameters) so that the spray contains the *desired* percentage of liquid at impact.
During deposit build up, the effective spray height decreases with time and results in a corresponding
increase in the amount of liquid carried into the deposit, Fig. 7. The change in %Lspray with deposit build

up becomes significant at operative distances less than about 300mm for the aluminum alloys under these
conditions. This effect is compounded by the increase in deposition rate with decreasing flight distance.
Therefore, in order to maintain uniformity in deposition conditions, it is necessary to continuously increase
the distance between the emplaced substrate and the point of atomization in order to maintain a constant
spray height at the deposition surface.

(b) Droolet Mass Distribution within the Soray: The flux of droplets i the spray is a maximum at the
axis of the spray and decreases towards its periphery. This variatic'-, i.e. the deposition profile, is
governed by IPPI to IPP6 and is independent of substrate configuration and motion. Since it is difficult to
measure the droplet flux directly, the flux may be estimated indirectly by measuring its effect, i.e. the
rate of deposit growth, Z (mim/s). Z is defined as the thickness of a deposit that would build up per unit
time on a flat, stationary substrate positioned normal to the spray axis. For example, the traces from a
video recording of deposit growth are shown in Fig. 8 at different time intervals from the start of

0 deposition [37,35,38]. The dependence of Z on the radial distance from the spray axis, r, is derived from

this figure and is found to follow a normal 'Gaussian' curve:

Z(r) a dZ/dt a Z0 exp (-13r2) .... (6)

where Z is the thickness of the deposit measured parallel to the spray axis (z direction), Z is the

maximum growth rate (at the spray axis, rzO) and 03 is the radial distribution coefficient that governs

HFR a heat in the freezing range of the alloy = latent heat (Hf) + specific heat (Cp ATf)
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the spread of the spray. Z0 and 1 were measured to be - 5.25mm/s and 0.0005 mm- 2, respectively, at
a distance of 400mm below the gas nozzles.

During the production of billets/disk preforms via the Osprey process, it is beneficial to have a narrow,
focussed spray in order to increase the yield on a small collector area. Therefore, the coefficient '0' in

* Eq. (6) must be kept at a minimum value. On the other hand, it is desirable to transform the deposition
profile into an ellipse during strip casting in order to increase the width and uniformity in thickness of the

strip produced. This can be achieved by employing a "/inear atomizer wherein the metal delivery nozzle
and the surrounding gas jets have a rectangular cross section [54]. The resulting deposition profile across

an elliptical spray can be described by the following (general) form of Eq (6): Z = -max 1 51 x2 + D2 y2 ].
It is also possible to tailor the spray to any desired shape (and deposition profile) by the utilization of
tertiary gas jets [55] and/or magneto-hydrodynamic forces (MHD).

0
3.3 Formation of the Preform

3.3.1 Droplet Consolidation: When a substrate (i.e. target) is introduced into the spray of droplets, the
droplets impinge and consolidate on the substrate to form a deposit. Only a portion of the droplets reach
the target; this fraction is defined as the target efficiency of the spray. -it. Furthermore, only a fraction
of the droplets arriving at the substrate will "stick" and contribute :) deposit growth; the remaining
droplets will "bounce-off". The fraction which adheres is termed the sticking efficiency, fls. Deposit yield

is determined by the product of these two efficiencies:

Yield % = (rIt. "s ). 100 .... (7)

r't depends upon the size of the substrate, the shape of the spray, the stand-off distance, the distribution
of droplets within the spray and the substrate motion. 's is a metallurgical parameter which is governed
by the state of the spray at impact (CDP 1), the state of the top surface (CDP 2), and by the substrate
configuration/motion. Estimation of CDP 1 was described in §3.2.3 and the determination of the latter two
parameters will be addressed in the following sections. A flow chart depicting the procedure adopted is

provided in Fig. 9.

3.3.2 Preform Shape: The shape of the preform is governed by the mass distribution in the spray at
impact, the sticking efficiency and the parameters of substrate motion (e.g. rotation speed, translation

speed, limits of translation, etc.). Optimum values of the variables of substrate motion can be
determined a priod by a mathematical model in which the state of the spray at consolidation (i.e. Eq. 6) is
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coupled with a model for substrate motion [22,35,38]. For a given substrate (i.e. a disk collector, a
tubular mandrel, or a roller), this model selects a location P(x,y) on its surface and computes the growth
of thickness during deposition. The calculations are then repeated for different locations which are
defined by a grid on the substrate surface.

The magnitude of thickness increments during each time step at any location P(x,y) is governed by the
radial distance R(x,y) between P(x,y) and the axis of the spray (Eq. 6). If the substrate is stationary,
the value of R(xy) is constant during the entire deposition cycle. If the substrate is non-stationary, R(xy)
changes with time depending upon the motion imparted, i.e on the locus of P with respect to the spray
axis. Summation of the thickness increments over the deposition cycle yields the final thickness at each
location on the substrate. Shape or geometry of the preform is defined by a bounding surface which
connects all points (x,y,Z) where Z is the calculated thickness at the grid point (x,y) on the substrate
surface.

A three-dimensional representation of the final deposit shape after 40s of spraying onto a horizontal
stationary substrate is shown in Fig. 10(a). Similarly, the build up of a deposit on a stationary substrate
inclined at an angle of 350 to the horizontal is shown in Fig. 10(b); inclination of the substrate facilitates
the build up of deposits with edges nearly perpendicular to the substrate surface.

The predicted geometry of an axisymmetric disk preform, produced by :--praying for 40s on a 120mm dia.
collector, is represented in Fig. 10(c). The collector was rotated at (o = 200 rpm and simultaneously
translated back and forth under the spray such that the spray axis reciprocated between the limits xl=-
60mm and x2=-35mm (i.e. stroke length xs=25mm). The speed of reciprocation was set at Vx a 20 mm/s,
such that the spray traversed approximately one stroke length for every four rotations of the collector.
From the volume of metal deposited, the target efficiency was calculated as -72%.

This model to predict preform shape is also being utilized to predict the geometry of tubes, billets and/or
strip [20,56,22] produced via spray casting. In order to produce wide strip (-1 m in width), a *scanner
atomizer" is used to oscillate the spray at a frequency of 3-7 Hz, Fig. 1.

3.3.3 Preform Microstructure: Grain size and porosity are the primary indices of microsbtucture. Prior
research [37,35,221 suggests that grain size in spray cast preforms is determined by (i) the size
distribution of solidified particles arriving from the spray, (ii) the spatial distribution of these particles
after impact, and (iii) the time required for complete solidification, t. At a given spray height, the size
distribution of solid particles is obtained from the size distribution of droplets in the spray and the
diameter of the largest solidified droplet (d') at that flight distance. Predicted values of d' at X=400mm
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can be obtained from Fig. 6(b). The spatial distribution of solid particles after impingement is strongly
dependent upon their spatial distribution in the spray and upon secondary effects such as droplet
fragmentation, bouncing-off, etc. which are difficult to quantify.

Preform Solidification and Cooling (CDP); In order to effect complete solidification, a total amount of
heat, HS (HS = Cp.ATs + HFR) must be removed from the metal, where Cp is the specific heat, ATs is
the melt superheat at atomization and HFR is the heat contained in the freezing range of the alloy. Let
Hgas represent the amount of heat removed by the gas during flight, as shown schematically in Fig. 3.
Thus, the amount of heat which must be removed after deposition in order to complete the solidification is
given by Hrem, Fig. 3:

Hrem (X) = (Cp.ATs + HFR) - Hgas(X) .... (8)

where X is spray height.
0

Continuum Models : Two approaches have been adopted to calculate the solidification time, t4, required
to remove the heat Hrem from the preform. In the continuum approach [37,38,9,57], t is computed by a
macroscopic energy balance between the heat influx from the spray Hrem, the mass influx Z, heat

* extracted by the substrate Os, and heat extracted by the ator'zing gas Og. This is shown
schematically in Fig. 11 (a). Since solidification time varies with locatior within the preform, the thickness
of the preform at any substrate location P(x,y) is divided into small voiLme elements arranged along the
growth direction. A moving boundary transient heat conduction equation is solved numerically to obtain

ID the enthalpy, temperature and fraction solid within the volume elements as a function of time [37,38,35]:

p (dH/dt) = (1/Z2).(d/dr1 (K dT/dT1)) + (pTI/Z).(dH/dI). Z .... (9)

boundary conditions:

bottom surface : (K/Z) (dT/dT) as • hs (Tb -Ts) .... (9a)
top surface : p (Hspray -H) (dZldt) = (K/Z) (dT/dTI) + .... (9b)

where p is the density, H is the enthalpy, Z is the thickness of the deposit at any instant, il = z/Z, z is.
distance into the deposit measured from the substrate upwards, 2 is the deposit growth rate and t is
elapsed time from the start of deposition. Solidification is completed when the amount of heat removed
from each volume element is equal to Hrem.
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Heat flux from the deposit to the substrate has been measured with a heat flux sensor embedded in the
substrate [35]; measured values of the heat transfer coefficient are a maximum of -105 W/m2/K at the
start of deposition and decrease rapidly to - 500 W/m2/K within a few seconds. This decrease is
attributed to the formation of an "air gap" between the deposit and the substrate due to contractional
stresses upon solidification. Similarly, the heat transfer coefficient for the gas cooling at the top surface
of the deposit is estimated to be -200 W/m2/K.

Sample predictions of the continuum model are shown in Fig. 12 for the spray deposition of the AI-4.5%Cu
disk whose shape is shown in Fig. 10(c). Deposition was carried out onto a water-cooled, circular
substrate which was simultaneously rotated and translated under the spray to achieve a cylindrically
shaped preform, as shown in Figs. 1 and 10(c). The "deposition line" in Fig. 12(a) is the predicted growth
of thickness at the center of the circular substrate. This growth of thickness with time depends upon the
locus of the disk under the spray, and it was derived from the model to predict preform shape. It is

observed that the disk grows to a height of - 7cms during 40s of deposition and remains at a constant
* height thereafter.

The isothermal lines in Fig. 12(a) provide the variation of temperature and volume fraction of solid (fs) in

the disk along its height as a function of time. During deposition (i.e. the first 40s), it is observed that the
0 top surface of the disk is hotter than the bottom due to the influx of hec. and mass from the spray. With

continued deposition, the fraction of solid at the top surface decreases to a minimum value of - 83%; this
is marginally greater than the 80% solid in the spray, due to gas cooling at the top surface. Once

deposition is completed, the top surface begins to cool/solidify rapidly due to gas cooling at the top
* surface, and the last liquid to freeze is at a height of - 4.5 cms above the substrate surface. The

interval between the deposition line and the fs=1 contour provides the local solidification time, tf. It is

observed that the disk preform solidifies over a period of 70-100s and experiences a cooling rate <
200C/s. However, it must be emphasized that the solidification process is not entirely "slow" but occurs

* in two stages : a majority of the solidification occurs in flight under conditions of rapid solidification and

only a small fraction of the liquid (10-40%) which is carded into the deposit undergoes relatively slow
cooling. Therefore it is desirable to maximize the heat removal during flight to the extent that the
amount of liquid carded into the deposit is just sufficient to consolidate the presolidified droplets.

The partially liquid layer (fs<l.0) forms on the surface of the preform during deposition due to a slight
imbalance between the deposition rate and the rate of heat extraction, Fig. 12(a). This is considered

beneficial to the microstructure of spray cast preforms since the resultant increase in local solidification
0 time allows time for fluid flow into interstices between presolidified droplets. However, the thickness of

the layer must be controlled in order to maintain conditions of "incremental solidification" (281 and hence
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achieve uniformity in structure throughout the thickness of the deposit. The fraction of solid in the layer

is estimated to be >60%; liquid fractions greater than -0.4 may not be feasible since the apparent fluid

viscosity declines sharply beyond this value [58] and a mold will be required to contain the flow. In

addition, a second constraint is placed on the minimum viscosity of the fluid by the high velocity of the
gas and centrifugal force imposed by rotation of the substrate.

0 The predicted variation of temperature with time at the top, middle and bottom of the disk are shown in

Fig. 12(b). Similar results have been obtained experimentally by measuring the temperature in the

preforms with thermocouples at selected heights above the substrate surface [35,46]. It is observed

that the temperature of the top surface of the disk preform oscillates in a cyclic manner corresponding to

each pass under the spray. The frequency of these oscillations is governed by the reciprocation/rotation

speed and the limits of reciprocation (i.e. stroke length), while the temperature range over which the

oscillations occur depends upon the deposit-gas heat transfer coefficient and the thermal properties of the

alloy. Oscillations in temperature are undesirable, particularly if they occur over a temperature range

over which the surface temperature decreases below the solidus. Under these conditions, the surface will

completely solidify in the interval between two successive passes under the spray; this results in poor

bonding between the "layers" thus produced.

Grain size and segregate spacing in the preform are larger than those 1 atomized powders but smaller

than the values based on empirical correlations of dendrite arm spacing and cooling rates predicted by the

continuum model [37,57,59]:

* ds do exp (t4)m = d exp (n .... (10)

where coefficients do and di, and the exponents m and n, are dependent on the material. Although the

predicted grain size is found to follow the same trend as the experimental data [37,57,9], it is higher in

0 magnitude by a factor >2. Overestimation of the grain size and/or segregate spacing from such

equations may be due to (i) the two-stage solidification process in spray casting, (ii) retarded coarsening

of the dendrite arms at a high volume fraction of solid [60], and (iii) nucleation by presolidified droplets

from the spray. Therefore knowledge of the temperature / cooling rate in the preform is not sufficient to

predict the grain size.

Discrete Event Models : The second, non-continuum approach to model preform solidification has been

developed recently [56,57]. Unlike the continuum model in which deposit growth is assumed to occur

• continuously, the non-continuum / discrete-event models are more realistic in the sense that deposit
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growth is assumed to occur in discrete steps by the addition of splats, Fig. 11(b). Individual droplets
impact on the pre-existing surface and spread to form a splat in microseconds [61-63]. The splat then
undergoes cooling and solidification via conduction through the bottom surface and via convection at the
top surface. This continues until the next droplet arrives after a time interval St between successive
impacts. This sequence of events continues for every new splat arriving at the top surface, Fig. 10(b).

While conceptually more accurate than the continuum approach, the drawbacks of the discrete-event
model are that it is computationally intensive and there is uncertainty in the values of input parameters
required to facilitate the computations (e.g. splat thickness, interval between splats, ...). Values of splat

thickness 8x are estimated writing dsplat= -dm, where 4 typically has a value between 3 and 6, assuming
a random distribution of spherical droplets of average diameter, dm [56,61]. A mean droplet diameter, dm

of 100gm yields splat thicknesses in the range 7.5-15p.m and a splat thickness of 10im is used. The
calculation for St is made incorporating the measured log-normal droplet size distribution. For the observed

* droplet size distributions, estimates of St lie in the range 0.8-4ms and an order of magnitude value of 1 ms
of 8t is utilized.

The discrete-event model predicts cooling rates of the order of 1030C/s during the initial stages of

deposition, which are higher than the predictions of the continuum mode's. However, both continuum and
discrete-event models predict the formation of a partially liquid layer -:ter a short time interval (-0.5s)
and their predictions appear to converge after this period. Implicatiors are that the predictions of the
continuum approach are reasonable and valid after the time corresoonding to the formation of the

partially liquid layer.

(d) Degree of Porosity In the Preform : The predicted values of %Lway upon deposition are at the low

end of the range, i.e 10 -40%. This suggests that only a small fraction of liquid is required to
consolidate the presolidified droplets during deposition, and that the mechanism of droplet consolidation in
spray deposition resembles liquid phase sintering (63,641. Therefore, the level of porosity in the preforms

is determined primarily by a balance between the solid:liquid ratio being deposited and by the efficiency of
packing of the solid partides. Given a packing efficiency FIp, the desired amount of liquid is the minimum

• quantity which will flow and fill the interstices between solid particles; any quantity less than this value

will result in an amount of porosity given by:

%P - [ (1 oo-rp) - %Lspray (1-0s) ].100 0 1)

where f6 is the solidification shrinkage for the alloy and nlp is governed by the state of the spray.
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Effect of Substrate Characteristics: The effect of physical and thermal properties of the substrate on
preform characteristics is predominant only during the initial stages of deposit growth, and it is a strong

function of the degree of contact at the interface. Smoothness of the substrate surface determines the
degree of mechanical interlocking/adhesion between the deposit and the substrate; if the degree of
contact is poor, thermal properties of the substrate exert minimal influence on preform solidification. For
example, a metallic substrate (e.g. copper or steel) produces a high rate of heat extraction in the initial
stages of deposition due to a good contact. This results in the formation of a pronounced initial chill layer
(~1mm thick) with attendant porosity (-10-15%). However, the heat extraction decreases after 1-2 s
due to the formation of an air gap between the deposit and the substrate. A refractory substrate (e.g.
alumina) has been found to decrease the level of porosity in the initial stages; this effect is due to the
lower thermal conductivity of the refractory. It is also possible to coat the surface of the substrate with
non-conducting coatings (e.g. boron nitride) to control the heat transfer coefficient at the interface.

Heat flux into the substrate can be ,.ecreased by increasing the substrate temperature. Ideally, a
high substrate temperature (>0.8 Tm) is desirable during the initial period of deposition (-2s) in order to

reduce the level of porosity at the bottom surface of the deposit. Subsequently, the temperature should

be maintained at or near room temperature (e.g. by water cooling) in order to sustain the heat flux and
decrease the time required for deposit solidification. Preheating of the substrate is expected to promote
bonding between the substrate and the deposit due to reduction in the c oling rate; this approach is being

utilized in the manufacture of tubes on emplaced mandrels.

* 4. SUMMARY

* Successful utilization of spray casting requires optimization of at least eight independent process
parameters to achieve desired preform shape, microstructure and yield. The basis of the optimization is

* to achieve desired values of two critical dependent parameters of the process, namely the physical and
thermal state of (i) the spray just prior to consolidation, and (ii) the state of the surface onto which the

droplets impact

* Velocity of droplets during flight is primarily a function of their mass. Droplet velocities predicted
from fluid flow analyses are in the range 10-100 m/s under standard operating conditions of the Opsrey
process. Experimental determination of droplet size and velocity are currently limited due to the
microscopic size of the droplets and the time scale of droplet flight (a few milliseconds).

1
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Density, melting point and heat contained within the freezing range of the alloy are the three
significant material parameters which affect the state of the droplets/spray at impact. The diameter of
the largest solidified droplet at X=400mm ranges from 30p.m-125p.m for the alloys investigated and
increases with increasing melting point. The percentage of liquid in the spray at X=400mm ranges from
-5% for Cu to -35% for aluminum and its alloys under identical spraying conditions.

0 Both melt superheat and gas:metal ratio affect %Lspray to a similar extent (-10%) when their
value is changed by 50%; however increase in the melt superheat increases %Lspray while a higher value
of GMR produces a colder/more solidified spray at any flight distance. Changing the atomizing gas to
argon (from nitrogen) does not significantly alter the droplet size distribution, however, even a four fold
increase in the flow rate of argon is not as effective as nitrogen in cooling the spray.

* Preform yield can be represented by the product of target and consolidation efficiencies. Target
efficiency for the production of a 120mm dia. disk preform was calculated as -72% from the model to

* simulate preform shape/geometry. This model can be employed to predict the build up of thickness/shape
of disks, billets, tubes and/or strip via spray deposition.

a Measured values of heat flux across the deposit-substrate interface indicate that the heat
* transfer coefficient is a maximum of -105 W/m/K in the initial secor 2 but decreases to -500 W/m/K

during the bulk of the deposition period.

* Grain size in the preforms is determined by the spatial distribution of solid particles from the spray
* and cooling rates after deposition. The solidification process is two stage : a majority of the solidification

(=1 00-%Lspray) occurs in flight at cooling rates in the range 103-104 K/s while the remainder of the
solidification occurs at <1 OOC/s.

REFERENCES

1. WA. Tony: Iron & Steelmaker, p.11, December 1987

SZ Wright, P.W., Materials and Design, 8, 3, May/June (1987)

3. Net Shape Technology in Aerospace Structures, I-IV, National Academy Press,Washington, D.C.,
(1986)

* 4. Leatham, A.G., Reichelt, W. and Metelmann, "Near Net Shape Manufacturing Processes", eds. Lee,
P. W. and Ferguson, B. L., ASM International, p. 259 (1988)

18

0



5. Evans, R.W., Leatham, A.G. and Brooks, R.G., Powder Metallurgy, 28, 1, p. 13 (1985)

6. Apelian, D., Gillen, G. and Leatham, A., "Processing of Structural Metals by Rapid

Solidification", eds. Froes, F.H. and Savage, S.J., Amer. Soc. for Metals International, p.107 (1987)

7. Lavernia, E.J., Rai, G. and Grant, N.J., Int. J. Powder Metallurgy, 22, 1, p.9 (1986)

* . Lavernia, E.J. and Grant, N.J., Metal Powder Rep., 4, p.255 (1986)

9. E. Gutierrez-Miravete, E.J. Lavernia, G.M. Trapaga, J. Szekely and N. J. Grant: Metall. Trans.,
20A, 1, p.71, January 1989

10. Apelian, D., Paliwal, M., Smith, R.W. and Schilling, W.F., Int. Metals Rev., 28, 5, p.271 (1983)

11. Singer, A.R.E., J. Inst. Metals, 100, p.185 (1972)

12. Singer, A.R.E., Metals and Materials., 4, p.246-257 (1970)

13. Singer, A.R.E., in proc. of "High Density P/M Consolidation Processes", P/M 84, Toronto, June
(1984)

14. Apelian, D., Kear, B.H. and Schadler, H.W., in "Rapidly Solidified Crystalline Alloys", ed. Das,
S.K., Kear, B.H. and Adam, C.M., The Metallurgical Society, Warrendale, PA, p.93 (1985)

* 15. Leatham, A.G., Ogilvy, A.J.W., Chesney, P.F. and Metelmann, 0.. 'odern Developments in
Powder Metallurgy, eds.: P. U. Gummeson and 0. A. Gustafson, 'etal Powder Industries
Federation, Princeton, NJ, Vol. 18-21, In Press (1988)

16. Osprey Metals Ltd., private communication with R. G. Brooks ano A.G. Leatham (1988)

* 17. Bricknell, R.H., Met. Trans., 17A, 4, p.583 (1986)

18. Fiedler,. H.C., Sawyer, T.F and Kopp, R.W., "Spray Forming-An Evaluation Using IN718", General
Electric Technical Information Series, 86CRDI 13, May (1986)

* 19. Annavarapu, S, Lawley, A. and Apelian, D., Met. Trans, 19A, 12, p.3077 (1988)

20. Lawley, A. and Apelian, D., "A Fundamental Study of Thin Strip Casting of Plain Carbon Steel by
Spray Deposition", NSF Report MSM-8519047, National Science Foundation, Washington D.C.
(1988)

* 21. Mannesman Demag, W.Germany, private communication with Reichelt,W. (1989)

22. D. Apelian, A. Lawley, P. Mathur and X. Luo, Modern Developments in Powder Metallurgy, eds.: P.
U. Gummeson and D. A. Gustafson, Metal Powder Industries Federation, Princeton, NJ, Vol. 19,
p.397(1988)

19

0



23. Moran, A. and Palko, W. A., in "Progress in Powder Metallurgy", eds. Freeby, C.L. and Hjort, H.,
Metal Powder Industries Federation, Princeton, NJ, 43 (1987)

24. R.P.Singh and A. Lawley, Modern Developments in Powder Metallurgy, eds.: P. U. Gummeson and
D. A. Gustafson, Metal Powder Industries Federation, Princeton, NJ, Vol. 19, p.489 (1988)

25. Duszczyk, J., Estrada, J.L., Korevarr, B.M., deHaan, T.L.J., Bialo, D., Leatham, A.G. and Ogilvy,
A.J.W., Modern Developments in Powder Metallurgy, eds.: P. U. Gummeson and D. A. Gustafson,
Metal Powder Industries Federation, Princeton, NJ, Vol. 19, p.441 (1988)

26. Faure, J.F. and Ackermann,L.;, Modem Developments in Powder Metallurgy, eds.: P. U. Gummeson
and D. A. Gustafson, Metal Powder Industries Federation, Princeton, NJ, Vol. 19, p.425 (1988)

27. Y. Unigame : "An Analysis of Oxide Dispersion Strengthening of Ferrous Alloys during Spray

Casting", M.S. Thesis, Drexel University, Philadelphia (1989)

2B. A.R.E. Singer and R.W. Evans: Met. Tech., Vol. 10, p.61 (1983)

29. Lawley, A., J. Metals, 33, 1, p.13 (1981)

30. A. Unal: Metall. Trans., 20B, 2,1989

31. Lawley, A and Doherty, R.D., in "Rapidly Solidified Crystalline Alloys", ed. Das, S.K., Kear,
B.H. and Adam, C.M., The Metailurgical Society, Warrer,dale, PA, p.93 (1985)

* 32. Bradley, D., J. Phys. D., 6, p.1 724 (1973)

33. Lubanska, H., J. Met., 22, 2, p.45 (1970)

34. R- Dunstan, Leatham, A.G., Negm, M.I. and Moore, C., Opsrey Metals Ltd., presented at National

e P/M Conference, Philadelphia, May 3-6, (1981)

35. Mathur, P.C., "Analysis of the Spray Deposition Process", Ph.D. Thesis, Drexel University,
Philadelphia (1988)

36. German, R.M., "Powder Metallurgy Science, Metal Powder Institute Federation, Princeton, NJ
* (1984)

37. Mathur, P., Apelian, D. and Lawley, A., Acta Metall., 37,2, p.429, (1989)

38. Mathur, P., Wei, D. and Apelian,D.; Modeling and Control of Casting and Welding Processes IV, eds.
A. F. Giamei and G. G. Abbaschian, The Minerals, Metals and Materials Soc., Warrendale, PA,
p.275 (1988)

39. Kallien, L.H., Hansen, P.N. and Sahm, P.R.; Modeling and Control of Casting and Welding Processes
IV, eds. A. F. Giamei and G. G. Abbaschian, The Minerals, Metals and Materials Soc.,
Warrendale, PA, p.543 (1988)

0
40 Liu, J., Arnberg,L., Backstrom,N., Klang, H. and Savage, S.; Mat. Sci, Eng., 98, p. 43 (1988)

20



41. Lavernia, E.J., Gutirrez,E.M., Szekely, J. and Grant, N.J., "Progress in Powder Metallurgy 1987",
Metal Powder Industries Fed., Princeton, NJ, 43, p.683 (1987)

42. Ranger, A.A. and Nicholls, J.A., AIAA Journal, 7 (1969)

43. Connelly, S., Coombs, J.S. and Medwell, J.O., Metal Powder Report, 41, 9, p.653-661 (1986)

44. Anderson, A.R. and Johns, F.R., A.S.M.E., 21, p.13 (1955)

45. Elghobashi, S., Abou-Arab, T., Rizk, M. and Mostafa, A., Int. J. Multi-phase Flow, 10, 6, p.697
(1984)

46. Bewley, B. and Cantor, B., in Int. Conf. on Rapidly Solidified Materials, eds. Lee, P. and Carbonara,
R., Amer. Soc. for Metals, Ohio, p.15 (1986)

47. Kurten, et. al., "Bubbles, Drops and Particles", ed. Clift, R., Grace, J.R.,and Weber, M.E.,
Academic Press, N.Y. (1978)

48. Bauckhage,K., FlogeI,H., Fritsching,U., Hiller,U. and Schone,F.; "Simultaneous Size and Velocity
Measurements in Multiphase Flow Systems / Some Extentions of the Phase Doppler Method",
Proc. 3rd Intl. Symp. on Laser Anemometry, Amer. Soc. Mech. Eng., Winter Mtg., Boston, Mass.
U.S.A (1987)

49. Mathur, P.C., "A Study of DropletFlight during Spray Forming", M S. Thesis, Drexel University,
Philadelphia (1986)

50. Ranz, W.E. and Marshall, W.R., Chemical Engineering Progress, 48 -1952)

51. Apelian, D., Lawley, A., Gillen, G. and Mathur, P., "Spray Deposition: A Fundamental Study of
Droplet Impingement, Spreading and Consolidation", ONR Technical Report 4, NR 650-025,
Contract N 0001 4-84-K-0472, Office of Naval Research, Arlington, VA (1988)

52. Levi, C.G. and Mehrabian,R., Met. Trans., 13A, p.221 (1982)

53. Boettinger, W.J., Coriell, S.R. and Sekerka, R.F., Mat Sd. Eng., 65, 1, p.27 (1984)

54. Grant, N.J., Casting of Near Net Shape Products, eds. Y. Sahai, J.E. Battles, R.S. Carbonara and
C.E. Mobley, TMS, p203,1988

55. Nippon Steel Corp., Japan - private communication with Y.Tomita (1989)

56. Annavarapu, S., Ph.D. Thesis, Drexel University, Philadelphia (1989)

57. E. Gutierrez-Miravete, G.M. Trapaga and J. Szekely: Casting of Near Net Shape Products, eds. Y.
Sahai, J.E. Battles, R.S. Carbonara and C.E. Mobley, TMS, p.133, 1988

* 58. Spencer, D., Mehrabian, R. and Flemings, M.C., Met. Trans., 3A, p.1925 (1972)

21



59. H. Jones : "Rapid Solidification Processing : Principles and Technologies", eds. R. Mehrabian, B.H.
Kear and M. Cohen, Claitor's Publishers, Baton Rouge, LA (1978)

60. R.D. Doherty: Met. Sci., Vol. 16, p.1. (1982)

61. J. Madjeski: Int. J. of Heat and Mass Transfer, 19, p.1 009 (1976)

62. H. Jones: Rapid Solidification of Metals and Alloys, The Institution of Metallurgists, p.43, 1982

63. Garrity, E., Ph.D. Thesis, Drexel University, Philadelphia (1989)

63. German, R.M., "Liquid Phase Sintering", Plenum Press, NY (1985)

64. Zovas, P.E., German, R.M., Hwang, K.S. and Li, C.J., J. Metals, 35, 1, p.28 (1983)

ACKNOWLEDGEMENTS

The authors wish to acknowledge discussions with and assistance from Dr. Alan Lawley, Dr. Dan Wei
and Dr. Suresh Annavarapu.

2

02

0



Glossary of Terms

Ac cross-sectional area
As surface area
Cg specific heat of gas
Cp specific heat of metal
CD drag coefficient
CDP critical dependent parameter
d droplet diameter
ds dendrite arm spacing, grain size
dmn mean droplet diameter
do, d, constants in Eq. (10)
d* diameter of largest solidified droplet at any X
D diameter of metal stream

D deposition rate
fs fraction solid
F force
g acceleration due to gravity
GMR ratio of gas:metal mass flow rates
hg convective heat transfer coefficient (gas)
H enthalpy
Hf latent heat of fusion

HFR heat in the freezing range of the alloy = Hf + Cp ATf
Hga heat extracted by the gas
Hrem heat to be removed from the metal after deposition
Hspray enthalpy of the spray
IPP independent process parameter (directly controlled)
K thermal conductivity
KL constant in Lubanska's Equation, Eq. (1)

0 % L volume % of liquid
m mass of droplet
mL exponent in Lubanska equation, Eq. (1)
P(di) fraction of droplets of diameter di

Pr Prandtl number v/a
0 heat flux
r radial distance
Re Reynolds number a Vd/v
t time
tf local solidification time

• T temperature
f cooling rate
ATf freezing range of alloy (TL - Ts)

ATn degree of undercooling
* ATs degree of superheat

V velocity

0



We Weber number
x distance along axis perpendicular to spray axis
ax splat thickness
X flight distance
z growth axis, thickness
Z deposit thickness

Z' deposit growth rate = dZ/dt

Zo deposit growth rate at spray axis, r=O

a thermal diffusivity
Pradial distribution coefficient; Eq. (6)

13s solidification shrinkage
7 surface energy
1"1 dimensionless thickness = z/L
A viscocity
v kinematic viscosity
[ip packing efficiency
1s sticking efficiency
flt target efficiency
p density
a a standard deviation of droplet size distribution
a Stefan-Boltzman constant
0 rotation speed

b bottom surface of deposit
d droplet
e eutectic
g gas
i initial
L liquidus
m metal
n nu cNion
P p-rid
r relative

• s substrate
spray in the spray
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ABSflRACI

OspreyTm spray casting has been examined as a means of producing high- strenth-low alloy
(HSLA) steel. Preforms of HSLA-100, a low carbon bainitic, copper precipitation strengthened
HSLA steel, %-,ere spray cast under differing conditions of superheat, atomizing gas (itrogen)
pressure, and preform cooling rate. Some of the spray cast material was subjected to
thermomechanical treatments involving hot rolling and aging. Microstructure was characterized in
terms of grain size, the degree of porosity, and microhardness. The primary constituent of the
microstructure was coarse bainite, formed from relatively large austenite grains: ft'csc grains were
subsequently reduced by thermomechanical processing. In the as-sprayed condition, fine copper-
rich precipitates about 50 nm in diameter were present. Differences in the levels o oxygen and
nitrogen with respect to location in the preform are the result of the overall combination of spray
processing conditions.

INTRODUCLTON

Advances in technology are usually driven by savings in one form or another. For example, in
the 1940's, the steel industry was looking for a new type of steel to replace C-Mn steels used for
structural applications. Out of this need came the development of high-strength, low-alloy steels
(HSLA), with improved properties at lower cost, compared to C-Mn steels. In the past decade,
materials technology has been moving towards processes which result in products in final shape, or
close to final shape (net or near-net-shape), without the need for additional forming operations.

This study was undertaken to assess the viability of fabricating a high-strength, low-alloy steel
by means of a near-net-shape manufacturing process. Specifically, HSLA-100, a copper



precipitation strengthened high-strength, low-alloy steel was spray cast via the Osprey' m process.
Although other alloys such as stainless steels [1,2], tool steels [2], low alloy steels [2], aluminum
alloys [3,4], copper alloys [5], and nickel-based superalloys [5,6,7] have been manufactured by the
Osprey m process, this study represents the first attempt to produce a high-strength, low-alloy steel
in this way. The effect of varying selected spray casting process parameters on microstructural
characteristics and mechanical properties was investigated.

HSLA STEELS: PROCESSING. MICROSTRUCTUJRE AND PROPERTIES

High-strength low-alloy (HSLA) steels exhibit yield strengths in the range 300 to 700 MPa in
the as-rolled condition. Primary objectives in HSLA steel technolcgy are to: (i) improve strength,
toughness, and weldability, (ii) lower the overall cost of production by employing energy efficient
processing techniques and eliminate the need for additional heat treatment procedures, and (iii) limit
the amount of alloying additions through microalloying [8]. These goals can be met by using a low-
carbon steel which increases weldability and toughness [9]. By appropriate microalloying additions,
strength and toughness can be further increased.

HSLA-100 is a low-carbon bainitic, microalloyed copper precipitation strengthened steel with a
yield strength of 100 ksi [9,10,11,12]. Developed for the United States Navy, it is a modified
HSLA-80, which is the Navy's designation for ASTM A710 steel [10,12,13,14,15,16]. The thrust
behind this program was to produce a high strength material which would be easier to fabricate than
existing naval steels such as HY-80 and HY-100, and which would permit welding without a preheat
[10,15]. A typical fabrication route for the production of HSLA-100 consists of electric furnace
melting, vacuum degassing, calcium treating, ingot casting, rolling into plate form, austenitization,
quenching, and aging [10].

Each of the alloying additions in HSLA- 100 has a specific role. Molybdenum and chromium
increase the bainitic hardenability by delaying the onset of proeutectoid ferrite formation [91.
Additionally, they retard copper precipitation during the cooling of the steel from the austenite range
[9]. Niobium functions mainly as a grain refiner [14,15] with only minor contributions in
precipitation strengthening in the form of niobium carbonitride (Nb(CN)) [11,14]. The bulk of the
precipitation strengthening comes from the precipitation of copper during the aging treatment
[9,10,15]. Nickel is added to prevent any hot shortness associated with the copper addition [10,17].
Nickel also increases the hardenability and toughness of the steel [ 13]. Aluminum is present for the
purposes of deoxidation and grain refinement [ 12,161.

* The role of copper as an alloying element is paramount since it is the major contributor to
strength by precipitation hardening in HSLA-100 steel. Upon aging, coherent BCC clusters of
copper form first [18,19,20]. At peak strength, these clusters have a mean diameter of 2.4 nm [19]
and have a copper content of about 50 a/o. [20]. Upon further aging, these clusters transform into

* non-coherent FCC c-Cu [ 18]. This transformation occurs when the clusters have a diameter of
approximately 4 to 5 nm. [19,20] As the aging process continues, the precipitates become richer in
copper and their lattice parameter decreases [14] Typical --Cu precipitate diameters range from 10-
50 nm. [14] The larger precipitates are oblong in shape, while the smaller ones are more equiaxed
[141.



It is not possible to study the initial stages of copper precipitation by electron microscopy
because of the coherency of the BCC clusters with the matrix lattice [191. Only after peak strength

is reached can the precipitates (now e-Cu) be studied by electron microscopy.
Normally HSLA- 100 is used in the overaged condition [21]. Although the yield and tensile

strength decrease after peak aging, toughness increases dramatically during overaging. Thus, it is
necessary to determine the optimal aging temperature for this alloy. The peak aging temperature is
455°C (850*F), but the optimal aging temperature is found to be 6211C (11501F). [10]

In ingot metallurgy, the as-cast HSLA-100 steel is rolled into plate, aged, and then formed into
final shape. This is a labor and time-intensive process. In keeping with the goals of HSLA steel
technology, new methods must be examined in order to lower fabrication costs. One approach is to
employ a near-net-shape manufacturing technique with a concomitant reduction in processing steps,
and hence cost.

An example of a near-net-shape manufacturing technique is the Ospreym spray forming
process (Figure 1). [1,2,5,221 Spray forming in the Osprey m mode usually produces a fine-grain
equiaxed microstructure, no macrosegregation, limited porosity, and improved mechanical
properties. Apart from these intrinsic benefits, it should be possible to eliminate the costly rolling
processes characteristic of ingot metallurgy.

In the Osprey m spray forming process, a stream of molten metal droplets is produced by the
atomization of a liquid stream using high velocity gas jets. The droplets are directed toward a
moving substrate where they consolidate and solidify. The motion of the collector determines the
shape of the preform produced. Variables that may be altered in this process include "internal"
variables such as atomizing gas pressure, melt superheat and nozzle diameter, and one "external"
variable -- the cooling rate of the as-sprayed product.

EXPERIMENTAL

Five heats of HSLA- 100 were prepared using the Osprey spray forming facility at Drexel
University. Approximately 11.4 kg (25 lbs.) of feedstock, in the form of bars 25.4 mm x 25.4 mm
x 305 mm (1"xl"x12") were cut from HSLA- 100 steel plate supplied by the David Taylor Research
Center. The bars were melted in an alumina crucible under a protective nitrogen cover, melting time
was less than 30 minutes. The melt was given a superheat of 50-100 °C and atomized with nitrogen
gas at a pressure of either 0.9 or 1.0 MPa (9 or 10 bar). The gas-to-metal flow ratio varied from 1 to
1.3 and the nozzle diameter was kept constant at 4.5 mm. For deposition, a ceramic substrate was
used, rotating at 25.1 radians per second (240 RPM). Deposition was completed within one minute
after the start of spraying. Four of the preforms were air cooled in the chamber, the fifth preform
was quenched into water. The experimental matrix used is shown in Table 1.

Preforms were sectioned for metallographic examination and for chemical analysis. The
* techniques used for microstructural characterization were optical microscopy, scanning electron

microscopy, transmission electron microscopy, and quantitative image analysis. Microhardness was
also determined on sectioned preforms.

Samples for transmission electron microscopy were prepared by grinding thin sheets of the
HSLA-100 steel down to approximately 1001im. Discs approximately 3 mm in diameter were then

0
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TABLE I: EXPERIMENTAL MATRIX

0.9 MPa
RUN 1 150 mm DIA. SUBSTRATE

0.9 MPa
RUN 2

RUN 3120 mm DIA. SUBSTRATE

10 MPa
RUN 4

120 mm DIA. SUBSTRATE

0.9 MPa

RUN34

120 1.0 DI~AUS T

RUN 5 WATER QUENCH PREFORM
R120 mm DIA" SUBSTRATE



mechanically punched from the sheet. These discs were then thinned to electron transparency in a jet
electropolisher using a solution of 33% nitric acid and 67% methanol at a temperature of less than
-37'C (-35*F). The voltage was approximately 25 volts.

Because of the large grain size in the preforms, the effect of subsequent thermomechanical
processing was examined. In particular, selected preforms were hot rolled and aged. Samples,
either 50.8 mm x 50.8 mm x 25.4 mm (2"x2"xI ") thick or 50.8 mm x 25.4 mm x 25.4 mm
(2"xl"x 1") thick, were rolled down to 12.7 mm (0.5") thick in 5 to 6 passes, following the schedule
in Table II. The 50.8 mm x 50.8 mm x 25.4 mm samples (runs 2, 3, and 4) were rolled parallel to
the spray axis, while the 50.8 mm x 25.4 mm x 25.4 mm sample (run 1) was rolled perpendicular to
the spray axis. Two samples each from runs 2, 3, and 4 were aged at 621C (11501F) for 1 hour.
Porosity and grain size were characterized and microhardness data were taken.

RESULTS

In runs 1, 2, 4, and 5, a boron nitride stopper rod was used to retain the metal in the crucible
until the desired superheat was reached. In run 3 an HSLA-100 "button" measuring 24.5 mm
diameter by 7 mm thick was used. The geometry of the melting unit is such that the button is the last
part of the charge to melt. Previous work [23] has shown that a button thickness of 7 mm produces
a superheat in the range of 50-100 0C.

Superheat was the most difficult parameter to control. A Pt-6%Rh / Pt-30%Rh thermocouple
was shielded from the melt by either an alumina or mullite protective sheath. In runs 1, 2, and 3, the
sheath broke at the melting temperature (between 1470PC and 1505'C) and the superheat was
estimated by extrapolating the time vs. temperature curve for the charge as it was approaching the
melting temperature. In runs 4 and 5, the sheath did not break, and the actual spraying temperature
was measured. Run 4 was sprayed at 1620*C, and run 5 was sprayed at 1550*C. Cross sections of
the preforms from runs 3 and 4 are shown in Figure 2.

Although the degree of superheat was not measured, the spray in the first preform (run 1) was
too hot. Qualitatively, the spray exhibited a bright yellow color. The macrostructure bore this out in
the form of a large cavity (approximately 25 m diameter) slightly above the center of the deposit;
this void in run 1 is attributed to hot tearing. In contrast, however, the bottom third of the preform
was essentially devoid of macroporosity. In runs 2, 3, 4, and 5 no macroporosity was evident. A
composite of the porosity data, as measured by optical image analysis, are shown in Figure 3. It is
evident that the highest level of porosity exists at the base and edges of the preform.

In the as-sprayed preforms which were allowed to cool slowly in the chamber, the prior
austenitic grain size varied from approximately 100 to 500 gm (ASTM 3.5 to -1). This variation
depended more on location in the preform than on experimental conditions. Representative
microstructures are shown in Figures 4 through 7. A composite of grain size vs. position in the
preform is given in Figure 8.

* Composite microhardness data for the as-sprayed condition are shown in Figure 9. The
hardness level is approximately 300 kgf/mm2 , irrespective of location in the cross section of the
preform. The equivalent Rockwell A hardness is about 65, or Rockwell C 30. The corresponding
tensile strength is about 930 MPa (135 ksi). [241

Transmission electron microscopy revealed many fine precipitates in the as-sprayed condition,
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with diameters ranging from 35 to 70 nm. Typical micrographs with corresponding diffraction
patterns from the center of the preform (run 3) parallel to the spray axis are given in Figures 10 and
11.

Since STEM was not used, it is impossible to identify the composition of the precipitates. By
analyzing the diffraction patterns, however, it has been shown that the rings correspond to an FCC
structure with a lattice parameter of approximately 0.365 nm. Pure copper has a lattice parameter of
0.361 nm.

The microstructure of the as-rolled and rolled+aged samples was also examined.
Representative micrographs are given in Figure 12. It is seen that the grain size is reduced to
approximately 100gm using the rolling schedule given in Table II.

Microhardness measurements were taken on preforms from runs 2, 3, and 4, in both the as-
rolled and the rolled+aged conditions. These values were slightly lower than in the as-sprayed

condition, ranging from 289 kgf/mm2 to 330 kgf/mm2 in the as-rolled condition, and from 303

kgf/mm 2 to 310 kgf/mm2 after the rolling+aging treatment. In general, microhardness was higher
parallel to the rolling direction than perpendicular to the rolling direction. To reiterate, however, the

microhardness values centered around 300 kgf/mm 2 irrespective of the thermal history of the
sample.

Porosity measurements were made by means of optical image analysis. In both the as-rolled
and rolled+aged conditions, porosity varied between 0.1 and 0.75 on an area percentage basis.

DISCUSSION

Interpretation of the observations and results is facilitated by first considering compositional
changes during spray casting. Subsequently, we consider the effects of spray processing parameters
on the microstructure and macrostructure of the preforms. Finally, the response of the spray cast
HSLA preforms to thermomechanical processing is discussed.

(a) Composition
• Chemical analyses of the starting material and the spray cast preforms are given in Table III.

These show that there is a decrease in the aluminum content from 0.03% in the feedstock to less than
0.01% in the preforms. Niobium also decreased from 0.03% to 0.01% in two of the runs. Since
these elements are responsible for grain refinement, their absence in the preform contributed to the
large grain size in the as-sprayed condition. In addition to the five runs, a charge was melted and
allowed to solidify in the crucible. Table Ill shows there is a large decrease in the aluminum content
at the bottom of the charge. It is postulated that the aluminum combined with the oxygen in the melt
and rose to the top of the molten charge.

Another factor which may result in a large grain size is the slow cooling of the preform in the
• chamber. Quenching of the preform into water immediately after completion of the spray cycle gave

a fine grain size at the edge of the preform. However, less than a centimeter inwards from the edge
of the preform, a coarse grain size existed, Figure 13. A definite preferred bainitic lath orientation is
observed in this structure.

Differences in the oxygen and nitrogen content from the bottom to the top of the preforms
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TABLE II: THERMOMECHANICAL PROCESSING SCHEDULE

RUN 1 INITIAL THICKNESS (mm) PASS# MILL SETTING (mm) T (°C) MEASURED BEFORE PASS
22.2 1 20.6 1830

2 17.5 1620
3 15.9 1430
4 14.3 1800
5 12.7 1630

RUN2 INITIAL THICKNESS (mm) PASS# MILL SETTING (mm) T (C) MEASURED BEFORE PASS
25.4 1 22.2 1900

2 20.6
3 17.5 1750
4 14.3
5 12.7 1630

RUN3 INITIAL THICKNESS (mm) PASS# MILL SETTING (mm) T (C) MEASURED BEFORE PASS
25.4 1 22.2 1882

2 20.6
3 17.5 1785
4 14.3
5 12.7 1672

RUN4 INITIAL THICKNESS (mm) PASS# MILL SETTING (mm) T(°C) MEASURED BEFORE PASS
27 1 23.8 1915

2 20.6
3 19.1 1781
4 17.5
5 15.9 1650
6 12.7

TEMP. AFTER ROLLING , 1549 °C

ALL SAMPLES SOAKED FOR 1 HOUR AT 1125 0C
SURFACE TEMPERATURES WERE MEASURED WITH AN OPTICAL

PYROMETER
ALL PIECES WERE AIR COOLED AFTER ROLLING
***REHEATED IN FURNACE FOR 3 MINUTES

0



o c 1o r- N( cn0 co I
n (0 CM 0 N m co C~j I

o 0 00 0>0 0, 0
C- m~ NN co m c n co

0R 0 0 00 00 0 0
.0C 0 - 'i 6C) C~C C; C;z D 0 00 00 00 0I

* 0 00 00 00 0 0

v v v (00 a0( 10j I ~ L

N. 0) 0 00 00 0 0 CC Z j

10 , 0 0 0 0 0 0 
J- LU-

0 09 C% 0 0 0 0 ~ 0C w x0 09 00 000

0 00 00 (D c ; c 0 0 Qi w 0 C1010 ~ ~ ~ C 10 1 r.. C
o0 la 101 101o0 10 10 10 CEC H-

0: 0 0 00 00C 0 0

C>) 0 0 00 00 001 0~ 06 <- a
I.- C> a O0 Co 010 Cl a C > 10 coQ~

O cm CDC (D C J CJ Nl m m L 0 T* o . C? .. C. w C ! C!c J
LU) (r CC CVC) CV)C) c)CV) CF) 0)a L J

0 0 00 0D0 00Q 0 0

<10 0 C0' 0 00 0 10 C j (
0- 1 1 1 4t LO tc. LO qt CEz

Cl) al 0 7- Y 7

*U z6 0 _j'~ ~ 0 00~(
C4 C4 CQJ c VCq N cm c mN ~j <z

0 0 00 00 ( 00 0 0 C)~ j oE
< U0 0 00 00 00 0 P 0 Z -F0

IC Z ,cH w
*< 101 W~ F- U

o 00W

C oc oC)0 0 0 LLI

0 - ------ C--------LL--
m ~~11 I-( I0f I0 . (c0W rr000 000000a

c Cl Y) LOLf (0 - o 1( r (D oC

- N F-' <C' <N N o'o
0jo l 00 00 Q 0 W5 - F-0M

0 0 00 00 00- 0 0i <I

C~

w 1
*L 0 000.

o o- 0 0-

-Jlz C/- ZI z z z z o =()

U)~~~r :3 = M= ,

:c0 cc C c c c c



0E

0uCC -c ou Ou

<~ -~ =L

C)C

JL.

E
0

< u

E

CLL

WWQWOG I U



existed. A possible explanation for the high oxygen levels analyzed at the bottom of runs 2 and 3
(274 and 365 ppm, respectively) and the low oxygen level at the bottom of run 4 (30 ppm) is related
to the timing of the nitrogen gas pressure ramp test prior to melting and atomization. It is postulated
that in runs 2 and 3, this test was done well before atomization, allowing time for oxygen to egress
into the chamber. It is also postulated that the ramp test was done just prior to atomization in run 4,
and thus oxygen pick-up in the chamber was minimized.

The data show that more nitrogen was present at the bottom of the preform in run 4 (300 ppm)
than was present at the bottom of the preforms in runs 2 or 3 (240 and 230 ppm, respectively). The
fact that run 4 was atomized using a gas pressure of 1.0 MPa, and to a lesser extent that the nitrogen
gas ramp test was preformed just before atomization, account for the higher nitrogen level in the
preform from run 4.

* Another way to avoid a high oxygen content in the bottom of the deposit is to spray for a few
seconds without a substrate to collect the droplets. These droplets scavenge the chamber of oxygen
and are removed from the chamber before the substrate is positioned under the spray.

In addition to aluminum and niobium, other a"oying elements decreased in concentration
during spray casting, Table IIl. For example, carbon decreased from 0.04% to 0.03%. It has been

* shown that at these levels, small differences in carbon content give rise to large differences in
hardenability. Hamburg and Wilson showed that HSLA-100 containing 0.06% C was 205 MPa (30
ksi) stronger in the as quenched condition than a 0.04% HSLA-100 [13].

* (b) Effect Of Process Parameters On Microstructure
The atomizing gas, usually either nitrogen or argon, serves several functions. First, it breaks

up the molten stream into droplets. Second, it accelerates the droplets and directs them towards the
substrate. Third, it cools both the droplets and the deposit. Finally, it provides a protective
atmosphere which reduces oxygen pick-up throughout the process. The oxygen content in the

• deposit is generally the same as the feedstock from which it was made [4]. However, this does not
appear to hold in these experiments.

An interrelated parameter to the gas pressure is the temperature of the melt. If the melt has too
high a superheat, the atomizing gas will not be able to remove the necessary amount of heat energy

• from the droplets to produce a coherent preform. The liquid layer that exists on the top of the deposit
during solidification will exceed a critical thickness, and many benefits inherent to the process will be
lost. Any segregation, which would normally be confined to within one splat, can now occur on a
larger scale. Additionally, in the preforms made with a rotating substrate, the liquid layer can be
accelerated by centrifugal force to the outer edges of the deposit, or off the deposit. The

• combination of these effects may lead to the formation of large voids in the center of the preform.
When making billets, an outside shell will solidify first, leaving a liquid mass in the center of the
solidifying deposit. In the final product, this will manifest itself as a cavity. This was the problem
in run 1.

* Problems are also manifest if the melt superheat is too low. When this happens, droplets will
either arrive on the substrate already solidified and will not splat, or they will simply bounce off the
substrate. This leads to a large fraction of voids that will not be filled by newly arriving droplets. At
a low superheat there is also the danger of the molten metal solidifying in the nozzle due to cooling
by the nearby gas jets. This produces what is known as a "freeze-off." One run not included in this



study did not pour for this reason.
Another variable that may be changed is the nozzle diameter. Increasing this diameter increases

the droplet diameter and the droplet size distribution. Concurrently the cooling efficiency of the
atomizing gas is decreased, and thus the spray is hotter with a higher liquid content. By decreasing
the nozzle diameter, the spray will be cooler, but the danger of the metal freezing in the nozzle
increases. In the present study the nozzle diameter was kept fixed.

Options also exist concerning the cooling of the preform. It is possible to let the preform cool
in the spray chamber, place it in a heat insulating box, or to quench it either in an aqueous or gaseous
medium. The merit of allowing the preform to cool extremely slowly in an insulating box is that
internal delaminations of the preform can be eliminated, thereby increasing macro- and
microstructural integrity [25]. The benefit of quenching after spraying is to reduce the amount of
grain growth that may occur. As previously stated, quenching produces a fine grain size at the outer
edge of the preform, but further inwards the grain size coarsens.

The method by which the as-deposited preform is cooled is easy to control. In this study, the
preform either cooled in the spray chamber or was quenched into water. It is difficult to vary the
spray temperature and study its effects independent of other process parameters. The position and
motion of the substrate, as well as the pressure of the atomizing gas, must be kept constant in order
to reliably study the influence of spray temperature on the final product. Although runs 4 and 5 were
sprayed with a difference of 50 to 70 C in melt superheat, the microstructure, porosity, and
hardness were similar in both runs.

It was easier to monitor the atomizing pressure. However, this too is not constant for the
pressure cycled by ± 0.1 MPa (± 1 bar) during the run. This was dependent on keeping a constant
supply pressure, a factor that varied depending on whether the nitrogen supply tank was full or not.
Additionally, as the atomizing pressure was increased, it approached the supply pressure (typically
1.2 MPa) which increased the amont of variation in the atomizing pressure. In run 4, a higher
atomizing pressure was used than in the other runs. Microstructure, porosity, and hardness,
however, did not change significantly.

(c) Effect Of Process Parameters On Macrostructure
The two differences between runs 4 and 5 were the degree of superheat (run 4: AT= 120'C, run

5: AT= 50'C) and the atomizing gas pressure (run 4: P= 1.0 MPa, run 5: P= 0.9 MPa). These two
changes produced a large difference in the overall shape of the preform, as shown in Figure 14. A
possible explanation is that since run 4 was atomized with a higher gas pressure, the cross sectional
area of the spray was larger. This will give rise to a larger intercept area on the substrate and in turn
on the growing deposit. Hence, there will be more droplets available to fill in the outer part of the
growing deposit. Changing the superheat is known to vary the size and size distribution of the
droplets; the overall shape will not be a function of melt superheat.

(d) Thermomechanical Processing
Fine grain size is touted as a benefit of the Osprey TM spray forming process. Since the

aluminum and niobium content of the steel was severely reduced, austenitic grains were allowed to
grow without any pinning mechanism to prevent grain growth. Upon transformation to bainite, this
manifested itself as a coarse microstructure. The effects of hot rolling this material were studied to
see if the properties could be improved over conventionally processed HSLA-100 steels. This was



0 =

00

EW
E

oL

w t 1

in



not observed, at least in terms of microstructure, porosity, and hardness. There is a large amount of
porosity near the edges of the rolled samples; this is due to edge cracking during rolling. To date, no
samples have been taken from the center of the rolled spray cast plate, but it is expected rolling
would decrease the pore size in this region.

SUMMARY AND CONCLUSIONS

* It has been demonstrated that HSLA steels can be spray cast into preforms; microstructural
integrity is reflected in an acceptable level/distribution of porosity, and a homogeneous grain
structure throughout.

• With the exception of hot tears, the spray cast microstructure of the preforms produced in this
study was found to be relatively insensitive to spray processing conditions.

* The prior austenitic grain size in the preforms varied from 100 to 500gm, depending mainly on
position in the preform. This larger than expected grain size with a coarse bainitic
microstructure is due to the absence of aluminum and niobium in the deposit.

* The grain size of the preforms can be reduced by hot rolling. Results indicate that rolling
reduces the grain size to about 100gm. Aging of the rolled HSLA preforms did not
significantly alter the microstructure.

* Flexibility in terms of the choice of processing parameters is a major advantage of the spray
casting process, particularly for this class of HSLA steels which are difficult to process by
conventional ingot metallurgy.
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